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Abstract
Glass sheets with high surface quality and angular resolution of 5 arcsec are in de-
mand for the International X-Ray Observatory. Several glass flattening techniques
are presented in this thesis, including a method of thermally shaping individual sheets
of glass using porous mandrels as air bearings developed at the Space Nanotechnology
Lab. This method, a second generation slumping tool, eliminates the problems of
sticking and dust particle-induced distortion that plague traditional slumping meth-
ods.
A detailed mathematical model of the slumping process is developed, allowing
prediction of final glass shape based on process parameters that include air supply
pressure, imperfections on the mandrel surface, glass total thickness variations and
gravity vector orientation. Simulations were conducted for a variety of scenarios to
study the impact of apparatus tilt and pressure asymmetries on glass shape.
Experiments to verify model findings are conducted under closed-loop control of
pressure and apparatus tilt. Little improvement in repeatability is seen, suggesting
that the error is due to unmodeled forces such as contact forces from the glass holding
technique.
Finally, the design process and fabrication of a third generation slumping tool is
presented. In addition to scaling the design to accommodate larger flats, slumps are
done horizontally to float the glass and minimize contact during the process. New
capabilities of the tool also include active gap measurement and control, as well as
plenum air temperature monitoring.
Thesis Supervisor: Mark L. Schattenburg
Title: Senior Research Scientist
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Chapter 1
Introduction
Since the discovery of glass by the Phoenicians around 5000 BC in the region of
Syria, the versatility, low-cost and unique properties of this amorphous material have
attracted both artisan and scientist. While the use of glass was initially restricted
to glazing pots and vases, the discovery of glass-blowing techniques (27BC - 17AD)
allowed more versatile shapes and creations to be made from sand formed by fire.
Glass has now become an essential part of many products we use in our every day
lives. This large scale adoption can be credited to the continuous development of
manufacturing processes that have improved quality and throughput over the years
[31].
Glass blowing was also the initial step in a variety of techniques used to obtain
flat glass sheets between the 13th and 19th centuries such as broad sheet glass, crown
glass, and cylinder glass (Figure 1-1). The first two processes fundamentally involve
blowing a glass ball that is continuously twirled, until a disk is formed from which flat
sheets can be cut. In the latter method, a cylinder is blown then cut open to produce
a large flat sheet. The cylinder method allowed larger and more uniform sheets to be
produced, and was thus the method of choice until the late 19th century. While these
methods produced mirrors flat enough for artwork and window panels, they remained
limited in their throughput and ability to minimize glass thickness variations [8].
The 20th century witnessed the development of several new techniques that re-
placed old ones. Most flat glass today is produced through either the float process,
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Figure 1-1: Flat glass sheets produced through the (a) Crown Process (b) Cylinder
Process
slot-draw process or the fusion process. Of the three processes, we only discuss the
slot-draw process (Fig. 1-2) used to produce the Schott D-263 glass used in this re-
search for to its low softening temperature'. As suggested by its name, this process
involves drawing molten glass from a slot in the bottom of a glass reservoir, with the
size of the slot determining glass thickness. Glass is allowed to flow downward as it
solidifies and cools, and then directed by rollers on both sides to be cut, inspected
and packaged at a production rate of 1-5 tons/day [17]. Despite only making contact
once glass has solidified, rollers still have a small impact on thickness variation, which
Schott rates for their 0.4 mm D-263 substrates as a maximum of 20 pm.
While this number may seem insignificant, thin glass substrates with stringent
surface flatness requirements have become central to many applications such as pre-
cision optics, the hard-disk industry and flat panel displays. In the case of liquid
crystal displays, a critical gap of 5-10 pm known as the cell spacing must be main-
tained between two glass sheets. Glass warp causes variations in cell spacing between
different pixels, leading to variations in the electric field and non-uniform color [5].
Since commercially available glass has a surface flatness up to 600 pm, holding critical
cell spacing tolerances is a challenge and a major constraint for flat panel technology.
Given that surface flatness errors are more pronounced for thin glass, sheets thicker
'See Appendix A for discussion of glass viscosity at different temperatures
Stirrer
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Figure 1-2: Schematic of the Slot-draw process, used to produce Schott D-263 glass
sheets used in this research
(a) (b) (c)
Figure 1-3: (a)Glass sheet with flat surfaces and a uniform thickness. (b) Glass sheet
with uniform thickness but with non-flat surfaces. (c) Glass sheet with one flat surface
(right surface) but not uniform in thickness.
than necessary must often be used to meet the desired performance adding to the
overall weight of the displays. Achieving similar flatness on thinner displays at a
comparable cost is therefore desirable. Figure 1-3 illustrates the difference between
sheet thickness variation and flatness, two different concepts that are often conflated.
1.1 X-Ray Telescopes Optics
X-ray astronomy is the branch of observational astronomy concerned with the study
of x-ray emissions from celestial objects. The invisible realm of x-ray emissions in
space is generated by a variety of high-energy phenomena such as matter reaching
temperatures of millions of degrees, high magnetic fields and high concentrations of
matter like black holes. Observations made at the x-ray band can help scientists
better understand the turbulent processes occurring in neutron stars, and uncover
some of the earliest black holes in the universe by penetrating surrounding gas and
dust clouds [10]. This information can help answer important questions about the
history of our galaxy and our universe. Figure 1-4 shows a few examples of the images
that can be obtained with x-ray telescopes.
(a) (b)
Figure 1-4: (a) Tycho's supernova remnant, produced by the explosion of a white
dwarf star in our Galaxy, 10,000 light years away. (b) NGC 4151 is a spiral galaxy
with an actively growing supermassive black hole at its center. (c) A star's spectacular
death in the constellation Taurus was observed on Earth as the supernova of 1054
A.D.
The high energy (0.1 - 10 keV) and short wavelength (0.1 - 10 nm) of x-rays
cause them to undergo photo-electric absorption in the Earth's atmosphere (Figure
1-5) making Earth-based observations impossible. X-ray instruments must therefore
be mounted on high altitude balloons, carried on sounding rockets or sent to orbit
via satellites in order to capture the high energy photons. Furthermore, to avoid
photo-electric absorption in the telescope, x-rays must be focused by reflecting them
at glancing angles by parabolic-hyperbolic mirror pairs known as the Wolter I ar-
rangement, depicted in Figure 1-6. Very strict figure requirements are imposed on
x-ray reflecting surfaces in order achieve high resolution imaging.
1.1.1 Monolithic Mirrors
NASA's 10 m focal length Chandra X-ray Observatory is perhaps the most known
among space x-ray telescopes. In order to achieve its record overall resolution of 0.5
arcsec, Chandra utilizes thick monolithic mirrors that were ground and polished to
yield a smoothness on the order of a few atoms [20]. However, the heavy weight of
the monolithic mirrors meant only 4 sets could be flown providing with an overall
collecting area of only 800 cm 2 (Figure 1-7).
X-ray photon
electron ;y
oxygen atorn
PHOTO-ELECTRIC ABSORPTION
Figure 1-5: Photo-electric absorption: Incident photons are absorbed and electrons
ejected at high velocities.
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Figure 1-6: A Wolter-1 mirror configuration containing 4 nested shells, with incoming
x-rays reflected at glancing angles
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Figure 1-7: Nested mirrors in the Wolter configuration in the Chandra telescope
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Figure 1-8: Thousands of nested mirrors in the Wolter configuration in the XMM
Newton telescope
1.1.2 Sheet Optics
Sheet optics are a lightweight alternative to monolithic mirrors, and have been used
on several X-ray telescopes such as the European Space Agency's X-ray Multi Mirror
(XMM) and joint US-Japanese ASTRO-E telescopes. Thousands of sheet optics were
used in a nested shell arrangement (Fig. 1-8) to achieve a much higher collecting area
than monolithic mirrors for the same weight or cost. The main drawback with sheet
optics is the limit on the resolution, with the resolutions for XMM and Astro-E being
15 and 110 arcsec respectively [28, 13].
1.1.3 International X-ray Observatory Requirements
In the case of the proposed International X-ray Observatory (IXO) which this research
was targeted for, a much larger area of 3 m 2 is required at a resolution of only 5 arcsec
to resolve more distant and faint objects. Due to the large collecting area, payload
restrictions limit the areal density of the glass to 50 gm/cm 3 , 50 times smaller than
Chandra and 8 times smaller than XMM [18]. Achieving the required resolution on
substrates only 400 pm thick at a reasonable cost is the main challenge facing the
E rror
Glass Sheet
5 arcsec
L=100 mm
Figure 1-9: Tolerated surface flatness error within IXO requirements
IXO mission and the main motivation behind this work. For substrates 100mm long,
the 5 arcsec requirement translates to a surface error due to bow of roughly 0.6pim as
shown in Figure (1-9).
1.2 Current Techniques to Improve Flatness
Over the past decade much research has been devoted to producing glass sheets that
can meet IXO performance requirements. Researchers at the Goddard Space Flight
Center have adopted a glass slumping technique while their European counterparts
at ESA have been developing a silicon pore optics approach. Both techniques are
described herein and their pros and cons outlined. Earlier experiments by the Space
Nanotechnology Laboratory with non-contact slumping techniques are then presented,
and are the foundation for this work.
1.2.1 Conventional Thin Optic Slumping
Conventional glass slumping is performed by placing a flat glass substrate over a
ceramic mandrel of the desired shape. Both are then heated in a furnace to just
above the glass transformation temperature (500-700 C) so that the softened glass
may conform to the shape of the mandrel (Figure 1-10). The pair is then cooled at a
slow rate and the shaped glass removed. While this process is simple in principle, it
suffers from several drawbacks that may prevent obtaining a satisfactory glass surface
(Figure 1-11). Experiments done at Goddard have showed that dust particles on the
mandrel cause mid-range spatial frequency errors on glass flatness [37]. Thorough
Thin substrate
Smooth mandrel Smooth mandrel
C jC
Figure 1-10: Schematic showing how a glass sheet conforms to mandrel shape as
temperature is raised just above transformation temperature
cleaning of the mandrels from dust particles results in another undesirable outcome,
with the glass sticking to the mandrel due to the absence of the dust particles that
served as spacers between both parts. Stiction has been traditionally mitigated by
artisans by coating the mandrel with a slurry of microscopic particles of refractory
material, and then buffing it with a rag. Goddard adopted this approach, using boron
nitride powder (manufactured for the cosmetics industry) to coat the mandrels. While
this solution prevents stiction and is satisfactory for artwork, the non-uniform mixture
of microparticles, larger particulate contaminants in the powder, lint, dust and other
debris from the rubbing process still leaves behind a poorly controlled surface.
A further complication with coatings is the large coefficient of thermal expansion
(CTE) mismatch between the glass and the mandrel. During cooling, the thermal
asymmetry caused by glass facing air on one side and the mandrel on the other
results in a temperature gradient developing across the glass. This gradient freezes
into the glass causing distortions that can only be prevented by undergoing very slow
cooling rates, with Goddard's slumping cycles currently running for several days.
Since IXO requires around 14,000 of these mirrors, an acceptable production rate
using this technique necessitates having an aircraft hanger filled with furnaces running
in parallel, which renders this approach highly inefficient.
Mandrel
(a) Glass slumped to dusty mandrel (c) Micro-particle layer prevents fusion
results in surface errors but fusion but results in surface errors
is prevented.
(b) Glass slumped to clean mandrel (d) Thin-film (i.e., platinum) anti-stick.
results in fusion. coating prevents fusion but results
in surface errors and roughness.
Figure 1-11: (a)-(d) Depiction of sticking problem encountered during conventional
thermal shaping of thin glass optics, and the problems with proposed solutions.
Using this technique, the best resolution obtained by Goddard was 15 arcsec for
an assembled paraboloid-hyperboloid mirror pair, and it remains to be seen how the
desired performance will be achieved.
1.2.2 Silicon Pore Optics
This is the fabrication process adopted by the Europeans [14]. European Space
Agency (ESA) chose to begin with 300 mm-diameter silicon wafers. While these
substrates are generally smooth and uniform in thickness (< 1pm), their flatness is
on the order of 10 pm. The mirror-side of the wafers is coated with metal to achieve
good x-ray reflectivity, and the backside is diamond sawed to form a series of ribs that
will serve as spacers between subsequent mirrors in the radial direction (Fig. 1-12a).
However, this means that the ribs have to be shaped in the axial direction with tol-
erances < 0.1pm to form the paraboloids and hyperboloids of revolution required by
Wolter x-ray optics, making this a critical and difficult step. An assembly robot then
forces the substrate into the desired conical shape, and bonds subsequent mirrors (in
the radial direction) together through a cold weld (Fig. 1-12b-c).
There are many concerns about the viability of this technique, such as the signif-
icant x-ray blockage caused by the frequently-spaced ribs as well as diffraction from
(d)
Figure 1-12: Photographs of the ESA pore optics fabrication process. (a) Silicon wafer
after backside ribsawing and front side metallization. (b) Optic assembly robot. (c)
First mirror being bonding to formingmandrel. (d) Final optic module mounted for
x-ray testing.
the rough backside surfaces. Furthermore, assembly stack-up errors cannot be cor-
rected for with this technique due to the rigidity of the wafers, and dust particles
interfere with the cold weld process creating delaminated regions that tend to grow
with each bonding cycle.
Currently, ESA reports having achieved a resolutions of 17 arcsec. However, these
results are of the least curved (outermost) mirrors of the 50 m focal length XEUS
mission. It is expected that the silicon pore approach will face great difficulties
with the strongly curved (innermost) mirrors of the shorter focal length (25 m) IXO
telescope. Furthermore, the need to slice mirrors from 300 mm-diameter wafers limits
mirror size to 200 x 200 mm 2 , half the size required by IXO. While ESA points out that
future 450 mm wafers can solve this problem, most semiconductor industry observers
believe the transition to that size is unlikely. Another drawback is the the small gap
between concentric mirrors (500 pm) dictated by wafer thickness. This ultimately
limits the telescope's spatial frequency due to Fraunhofer diffraction, as the angular
spread due to diffraction is given by 0 = A , where A is the wavelength and d is the
gap between mirrors. Even at the low energy end of IXO's energy band this accounts
for 1.3 arcsec, a large fraction of the error budget. In light of these facts, we believe
that this approach has little chance of progressing to better resolution and is not the
ideal path for achieving mission requirements.
1.3 MIT Slumping Tools
1.3.1 Pin Chucks
In an attempt to circumvent traditional slumping technique problems such as dust
and stiction, research was conducted at Space Nanotechnology Laboratory to develop
their 1st generation slumping tool relying on pin chucks [30]. The warped sheet would
Dust Thin Substrate
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(a) (b)
Figure 1-13: An array of pins fabricated on a flat fused silica mandrel to allow for
dust particles to settle between pins. (a) shows a thin substrate at room temperature
and (b) shows the substrate after slumping.
be placed on a rectangular array of thousands of 25 x 25 x 2.5 pm 3 fused silica pins
interspaced by 250 pm gaps, with the aim of having the dust particles settle between
the pin chucks making no contact with the glass (Figure 1-13). A thin rough layer
of TiO 2 was used to coat the pins, both to protect them from damage and prevent
stiction to the glass. While this technique was successful for small glass sheets,
problems were faced trying to scale it to larger optics due to a lack of reproducibility
Porous Mechanical
Ceramic Support
Mandrelel
Air Flow AirFlow
(a) Glass Plenum (b) BeforeSlumping After Slumping
Figure 1-14: Schematic of the slumping process, not drawn to scale. (a) Glass sheet
is vertically suspended by hooks between the mandrels, never making contact with
their surfaces. Gap is much smaller than glass thickness. (b) Viscous restoring forces
drive the glass to be symmetry about its midplane.
in the TiO 2 coating process. This technique was eventually abandoned in favor of
porous air bearings discussed in the next section.
1.3.2 Porous Air Bearings
Work was conducted at the Space Nanotechnology Lab to develop a second generation
slumping tool relying on air bearings, with the aim of eliminating the issues with dust
particles and stiction [1, 2]. In this process, glass sheets are vertically hung between
a pair of micro-porous ceramic air bearings ground to sub-micron flatness. Mandrel
faces are spaced apart by a distance 10-100 pm larger than glass thickness (Fig 1-14),
resulting in a 5-50 pm-gap on each side of the glass that is much larger than typical
dust particles. This ensures that ripples and dimples caused by particles are no longer
present.
Each air-bearing is assembled by mechanically clamping the ground mandrel to a
housing to form a plenum chamber. Backside pressure is maintained by continuously
supplying air into the furnace through stainless steel tubing, effectively generating
uniform pressure distributions on each side of the glass. These pressure distributions
serve as viscous restoring forces that correct glass shape inside a furnace and restore
symmetry about the midplane (Fig. 1-14b).
To avoid dust particle problems, an air gap of 50 pm was achieved using Tantalum
spacers from AD McKay (Figure 1-15). Supply pressure was maintained at 0.25 psi
No contact between main glass and edge
(thickness control) glass pieces
. - Porous mandrel
Contact between main glass and edge
(thickness control) glass pieces
Figure 1-15: Glass sheets are hung by two hooks through holes made by laser ablation.
Tantalum spacers are used in conjunction with chamfered glass edges to obtain the
desired air gap.
in the plenum. The temperature profile followed that shown in 1-16, with the peak
portion of the cycle being at 570'C for 20 minutes.
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Figure 1-16: The temperature cycle followed for slumping the glass between two
porous mandrels
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Figure 1-17: (a) Surface of Glass HI with
Difference map between Glass Hi and H2,
2.26 pm P-V of warp after slumping.
P-V of 1.61 pm.
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Figure 1-18: Histograms of surface of Glass HI after slumping
Experimental Results
Two separate sheets of dimensions 100 mm x 100 mm x0.4 mm were slumped using
the method described above. Results were measured using Shack-Hartmann metrol-
ogy system with a repeatability of 40 nm [11]. Glass was constrained during the
measurement using a metrology truss with 50 nm repeatability [15]. Measurements
showed that the process reduced the the initial 80-600 pum P-V warp down to as little
as 2.26 pm with 0.39 pm rms, as depicted in Figure 1-17a. The surface difference
between the two separate sheets was 1.6 pm with 0.35 pm rms, shown in Figure 1-17b.
Histograms describing the slopes in the x and y directions further reveal that a larger
warp was observed in the y-direction aligned with the gravity vector [3].
Despite the very promising results, the slumping apparatus had several sources
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Figure 1-19: Histograms of the difference between Glass HI and Glass H2 after slump-
ing each individually
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Figure 1-20: (a) Vertical slumping apparatus placed inside the furnace. (b) Schematic
illustrating how pressured air is supplied and its pressure measured is measured via
data acquisition hardware.
of error that were suspected to be limiting repeatability of the results. Most no-
table is the absence of closed-loop pressure control (Figure 1-20b). Mass-flow meter
knobs were manually adjusted to equalize pressure during the experiment. Since the
coarse knobs could not be precisely set to the same position during every run, it was
speculated that closed-loop pressure control for both chambers can help improve re-
peatability of the results. The larger warp in the direction of the gravity vector also
suggested that gravity effects could be contributing to the error. Since this design's
assembly process could be causing slight angle variations from run to run, monitoring
and controlling apparatus tilt was suggested as a possible way to improve repeatabil-
ity. Furthermore, the repeatability measurements compared two different glass sheets.
Since each sheet has it's own thickness variation profile, a portion of the repeatability
error can be attributed to glass thickness variation and can be eliminated by double-
side grinding the substrates or by slumping the same glass sheet twice and comparing
both results. Chapters 2 and 3 investigate these suggestions, and conclusions about
the contribution of each factor are made.
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Chapter 2
Mathematical Model
In order to select appropriate process parameters for the porous air bearing exper-
iments described in Chapter 1, a basic mathematical model had been developed to
calculate pressure distributions on the mandrel surface for various gap sizes and sup-
ply pressures. A prominent result obtained from this model was characterizing the
relationship between gap size and pressure distribution uniformity. Simulations sug-
gested an inverse proportionality, depicted in in Figure 2-1.
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Figure 2-1: The pressure profile at 600'C in the air gap of a 100 mmx 100 mmx 12.7
mm porous bearing at film thickness of (a)5 ptm (b)10 prm (c)15 pm
Although useful for the design of the initial slumping tool, the model was some-
what limited by its assumptions of a uniform gap across the mandrel, uniform glass
thickness, and a gravity vector orientation parallel to the glass sheet (Figure 2-2a).
Furthermore, it only accepted two input parameters, supply pressure and gap size.
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Figure 2-2: (a) Porous air bearing with a uniform gap. (b) Porous air bearing with a
nonuniform gap
In this chapter, we build on the previous work to develop a model capable of
predicting final glass shape based on the individual pressures in each plenum, gravity
vector orientation and glass thickness variation. To achieve this capability, we must
first generalize the old model in order to predict pressure distributions for non-uniform
gaps, as shown in Figure 2-2b.
2.1 Pressure Distribution for Non-uniform Gaps
The assumption of perfect parallelism between the mandrel and the glass sheet is
useful for first order calculations, but is never the case in practice. Factors such as
mandrel surface imperfections, glass thickness variations and glass tilt/deformation
all contribute to the the non-uniformity of the gap, and are depicted in Figure 2-2b.
The assumptions made in the model are summarized here:
1. Creeping flow in the porous ceramic medium, governed by Darcy's law shown
in Equation 2.1
2. Isotropic material properties. Ceramic permeability coefficient equal for the x,
y and z directions.
3. Air flow treated as an ideal gas, properties at the elevated temperature sum-
marized in Table 2.1. Air is isothermal throughout the medium.
4. Steady state conditions in the system.
5. Negligible pressure gradient in the gap along the z direction, compared to the
x and y directions.
6. Low Reynold's number laminar flow, therefore air is incompressible.
7. No fluid accumulation occurs in the porous medium.
8. Rigid glass sheet and fixed gap.
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Figure 2-3: Air bearing with a non-uniform gap: (a) Top view. (b) Side view
-Ceramic Plate.
Density (kg/m 3 ) Viscosity (pPa.s)
20 0C 1.2 18.3
600 0C 0.4 40.65
% change -66.4 122
Table 2.1: Properties of air used in the simulation
2.1.1 Governing Equations
Darcy's Law is a simple mathematical relation that governs fluid flow through per-
meable material, and is given by
U = -- Vp'. (2.1)
A
This equation is used to model our air bearing, where U' is the air velocity vector
field in the porous ceramic, k is the permeability coefficient, A is air viscosity and Vp'
is the pressure gradient. The equation of continuity describing conservation of mass
is also needed,
atu' &v' &w'
+ + = 0, (2.2)89x By Bz
where u', v' and w' are the air velocity components in the x, y and z directions
respectively. Equation 2.1 is then plugged into 2.2 to obtain
a2p' 92P/ a2p/kx +k + k =0 (2.3)
ax2 k9ay2 zaz2
where kx, ky and kz are the ceramic permeability coefficients in the x, y, z directions
respectively. Next, Equation 2.3 is normalized through the following dimensionless
variables i = x/L, 9 = y/W, i = z/H, P' = p'Pa, Kx = kx/k, and Ky = kvlk,
where pa is the ambient pressure and L, W and H are the length, width and thickness
of the ceramic mandrel respectively, shown in Figure 2-3. Kx = Ky= 1 in the
isotropic case. The non-dimensionalized equation becomes
2 
__2 L 2 g p
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2.1.2 Boundary Conditions
Equation 2.4 coupled with the boundary conditions (Figure 2-4) on the ceramic man-
drel's six surfaces allow us to deterministically predict the pressure. The ceramic's
bottom surface is one of the plenum walls, and is exposed to the supply pressure P,.
The four sides of the mandrel are sealed such that there is no leakage, and along
these surfaces the pressure gradient is zero. The pressure boundary condition of the
top surface facing the glass is more complex, and is derived from the Navier-Stokes
equation as follows,
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Figure 2-4: Air bearing with a non-uniform gap
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where p is the density of the air, U is the velocity vector in the gap, p is air pressure in
the gap, y is air viscosity, t is time, and f represents external forces such as gravity.
Equation 2.5 is essentially the conservation of momentum equation for the fluid, with
C ramir Piate
the left-hand side representing inertial forces, and the right-hand side including the
pressure gradient, viscous forces and other external forces [221.
Our model assumes steady state conditions, with the air gap h(x, y) < L, W, the
length and width of the ceramic mandrel respectively. Given the low fluid volume to
surface area ratio, viscous terms on the right-hand side dominate and the left-hand
side of the equation can be dropped. Since the pressure drop in the z direction is
neglected, the driving force for flow in the gap is the pressure gradient in the x and
y directions, with much larger velocity components in both these directions. Due
to the lower flow resistance in x and y, the second order differential terms of their
velocity U are negligible compared to z. The gravity component of f for flow in the
z direction can be neglected, due to the small volume to surface area ratio in the gap.
The Navier-Stokes equation therefore reduces to
82U 1
= -Vp. (2.6)
az2 A
Equation 2.6 is then integrated twice with respect to z, using the boundary conditions
U = 0 on the air-glass interface (z = H + D(x, y)), and U = U' on the ceramic-air
interface (z = H + M(x, y)). Note that the z' axis is measured from the nominal
mandrel surface, as shown in Figure 2-3. This step yields
1 (D-)U = -(z 2 - (D + M)z + DM)Vp + 'z) / (2.7)2pt (D - M)
where U = U (x, y, z) is the velocity vector field in the gap. The velocity variable U'
is then replaced by a pressure variable through Darcy's law in Equation 2.1, and the
individual velocity components of Equation 2.7 become
1 z 2  (D + M) DM (z - D)) 8pu z + + k, (2.8)
p 2 2 2 ( D - M ) ax
1 Z2 (D + M) DM k (z - D) pV = z __ + + -(2.9)
y 2 2 2 (D - M)) y
w = (D-M) k J / (2.10)(D - M ) p I z _ =H
where M = M(x, y) represents off-nominal mandrel imperfections and D = D(x, y)
is the distance from the nominal mandrel surface to the glass surface. For the u
and v components, the negligible pressure drop across the gap implies that pressure
gradients in the gap are equal to those on the ceramic-air interface (p = p'). For the
w component, pressure drop across the gap is neglected, and pressure is left in terms
of that in porous medium p'. We next apply conservation of mass by substituting the
derivatives of these velocity components into the continuity equation,
Du Dv Dw
Ox Dy Dz (2.11)
and integrating the result across the gap from z = H + M(x, y) to z = H + D(x, y)
to obtain the two-dimensional equation in x and y
(D - M) (D - M)2 + 6k] + 2p
8X2 igy2
+3 [(D - M) 2 + 2k] ( 2 (D - M) 2 2 + D(D - M) p = 12k Dp"(Dx Dx Dy Dy 19z) H'
The substitution h = h(x, y) = D(x, y) - M(x, y) is then applied to obtain
(2.12)
h[h + 6k] 2 ) +3[h 2 + 2k] (Dhax+
( x2 gy2 axax
Given that k is in on the order of 10- m2 and h2 is
The equation simplifies to
h 2p D2+ P + 3h2 (Dh p+ Dhap
oX nu n gapx Dotuy y,
Non-uniform gap contribution
DhOp 
_12k OPI
Oyay) Oz )z=H'
(2.13)
about 10-12 MI2 , k < h2 [16].
(Dp'
-12k Dz (2.14)
or in abridged form,
h V2p + 3h2 Vp Vh= 12k az
V - (h3vP) =12k (.
( Z) z=H'
We then non-dimensionalize Equation 2.14 using the non-dimensional variables de-
fined earlier to obtain
h3 H
12kL 2
(2p
gg 2
2 a2p
ag2
3h2 H
12kL 2
(h ap
82 a8a
L 2
W 8D 89 ) z=H'
(2.16)
The variable a = H/(12kL 2 ) can be used to simplify the equation [35].
2.1.3 Numerical Analysis
The finite differences method (FDM) is implemented to solve the coupled partial
differential equations. The ceramic plate is divided in a grid of nodes, separated by
distances of A,, Ap and Ai in the x, y and z directions respectively. The second
order partial differentials are approximated from Taylor polynomials as
a2j' P/i1,j,k - 2i,j,k + Pi-1,j,k
( 2 ' _Pj+1,k -- 2,Jk + PiJ-1'k
89 2  A 2
82 i _ j,k+1 Eij, k + , ,k_-1
az2 A 22
(2.17)
(2.18)
(2.19)
(2.15)
8( a
Similarly, the first order differentials are given by centered difference formulas [7]
=P Pi+1,j,k - Pi-1,j,k
Bzr 2A:z
a ' Pij+1,k - Pi,j-1,k
By_ 2Ay
= hi+1,j,k - hik
a8x 2Az;
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- hi,j_1
2Ay
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(2.21)
(2.22)
(2.23)
(2.24)
For simplicity, A.z, AQ and Az are set equal and denoted by A. Plugging these finite
difference formulas into the non-dimensionalized Equations 2.4 and 2.16 yields,
Kx(fi+1,j,k +P -1,j,k) + Ky (L/W) 2 (Pi,j+l,k + P,j-1,k) + (L/H)2 (2,,k±1 +i,j,k-1)
2 (Kx + Ky(L/W|2 + (L/H)2)
(2.25)
Pi,j,kH =((Pi+1,j,kH+ Pi-1,j,kH) - (L)2 (Pi,j+1,kH + Pi,j-1,kH)
+ (Pi+,j,kH - Pil,j,kH) (hi+1,jkH - Pil,jkH)
(Pij+1,kH- Pij-1,kH) (hij+1,kH - hij1,kH)
A
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where Equation 2.25 and 2.26 are the flow in the ceramic and the top boundary
condition respectively. In Equation 2.25, 1 < k < kH-1. Since a negligible pressure
i,j,k
By
oz
+3 (L 2
+4h W
+2(L )2)
drop across the gap is assumed, we set PijkHl PijkH . Equation 2.26 simplifies to
Pi,j,kH =((Pi+1,j,kH Pi-l,j,kHW) +1 (Pij+,kH +Pij-,kH)
3
+ 3(Pi+1,j,kH - Pi-1,jkH) (hi+1,jkH - Pi-l,,kH)
A h 2 (Pi,j+1,kH - Pij-1,kH) (hi,1 +1,kH - hij1,kH)
+ pi,j,k (2.27)2a W
In order to compute the pressure distribution in the air bearing, the two coupled
partial differential equations 2.25 and 2.27 must be solved. A MATLAB script based
was developed by extending the model written by Akilian [2], and is included in
Appendix B.
2.2 Glass Shape Simulation
With the non-uniform gap model developed, a MATLAB script was written to predict
glass shape. Four coupled partial differential equations in total (two on each side of
the glass) are simultaneously solved through the iterative process described by flow-
chart in Figure 2-5. Inputs to the model are glass shape s(x, y), glass thickness
profile t(x, y), gravity vector orientation 0, glass density, mandrel-to-mandrel spacing
and supply pressures (p1 and P2) as shown in Figure 2-6.
At each iteration step, gap information is used to calculate the pressure profiles
(surface force) on either side of the glass sheet through the finite difference scheme.
The total force on the glass sheet, including gravity, is then used to compute the new
positions of individual sheet elements. The iteration cycle repeats continuously until
convergence occurs, and the net force on all elements goes below a defined tolerance.
Since the pressure distribution is calculated according to the finite difference method,
pressure is given on nodes. Force calculations require areas, therefore a mapping
(Figure 2-7) from nodes to area elements and back is implemented from step 2 to 3,
and 3 to 1 respectively. The complete equations used for mapping can be found in
Determine gap
L sizes
Proportional
Gain
(pm/Pa) ->
Compute pressure
distributions
(force)-
4 coupled PDEs,
2 on each side
Figure 2-5: Flowchart illustrating the iteration cycle
Centerline
s(x,y) 2
t(x,y)
Figure 2-6: Illustration of the various model inputs, glass shape s(x, y), glass thickness
profile t(x, y), supply pressures pi and P2. 0 measured positive counterclockwise.
Appendix B. The translation of glass elements during each step is computed according
to the equation,
z t+At + a-(p -p - A, (2.28)z. =z.j+0
(3)
Iterate new
glass shape
(1,1) --..- - - - . - - - ..- - --. ( j
Nodes Area Elements
Figure 2-7: Mapping FDM nodes to glass elements and back
where z is the position of the element, a is a proportional gain of 0.2 pm/Pa,
pi,j is pressure on one side of the element and A is element area. The proportional
gain ensures that displacements grow smaller as net forces decrease on the path to
convergence. This is illustrated in Figure 2-8. MATLAB code for this iteration
F3 F, = F2 -+ 6=0
F3 > F4 0 6>0
Figure 2-8: Calculation of cell displacement in each cycle
scheme is included in Appendix 2B
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2.3 Results
Simulations were conducted to predict glass shape for a variety of situations. The
substrates used in the model were square sheets of Schott D-263 borosilicate glass,
with a density of 2.51 g/cm 3 , thickness 400 microns thick and an area of 100 cm 2 [4].
2.3.1 Pressure Differences
In this simulation, perfectly flat sheets with no thickness variation were used. An
asymmetry in supply pressure was applied (p1 = 0.6 > P2 = 0.3 psi), and the tilt
angle was 00. The objective was to investigate whether unequal pressures will impart
a bow on the glass, and quantify how critical keeping equal plenum pressures is. The
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Figure 2-9: Centerline displacement of a glass sheet due to pressure differential. Gap
= 50 pm
result shown in Figure 2-9 suggests that bow is very small; the sheet translates 5.8
pm to a new equilibrium plane with equal pressure on both sides. The P-V variation
in the graph is is 58 nm. While this simulation suggests that equal pressures are not
critical, it must be noted that the glass sheet is assumed to move freely right and left.
In our experiments, the glass is constrained by hooks that may induce reaction forces
and therefore some deformation.
2.3.2 Tilt Angle
The effect of apparatus tilt on glass shape is next investigated to verify the hypothesis
made in Chapter 1 about the larger variations in flatness observed in the y direction.
Since it was suggested that this may have been caused by misalignment with the
gravity vector, the simulation was run with a pressure of 0.3 psi in both chambers
and a set of angles {0, 3, 6, 9} measured in degrees. Figure 2-10 displays that the
result, indicating that the P-V bow had a linear dependance on tilt angle. These
Tilt Angle vs. Sheet Bow
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Figure 2-10:
mm
P-V bow resulting from apparatus tilt. Simulated over an area of 80 x80
results are from a 80 x80 mm subset of the 100 x100 mm domain to eliminate the
artifacts caused by the boundary conditions.
Zernike polynomial coefficients were obtained for this domain to characterize the
topology. As can be seen in Figure 2-11, the dominant mode was the 'defocus' term
from the Z' Zernike function. Other coefficients were several orders of magnitude
lower, indicating that gravity affects the glass sheet in an axially-symmetric manner.
Furthermore, the model suggests that keeping apparatus tilt under 0.50 should ensure
a bow of only tens of nanometers.
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2.3.3 Varying Pressures Under Constant Tilt
Given that non-zero tilt was found to cause sheet bow according to the simulation,
we next studied whether increasing the pressure in both plenums can help reduce the
bow. The simulation was run at a tilt angle of 3 degrees and equal pressures in both
plenums. The set of pressures tested were {0.3, 0.6, 0.9}psi. Figure 2-12 shows the
bow in all three cases to be equal to within 60 nm, a figure close to the computation
precision of the algorithm. This suggests that tilt-induced bow cannot be corrected
for by increasing pressure in both chambers.
2.3.4 Varying Gap Under Constant Tilt
Since scaling up pressures did not appear to have an effect on glass shape, the effect
of varying gap size was studied next. An angle of 6 degrees and supply pressure of
0.3 psi were chosen for this simulation, and different gap sizes were assumed between
0 and 50 pm. Figure 2-13 illustrates how decreasing gap size was found to reduce
the P-V bow according to a 3 rd order polynomial. An important conclusion from this
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Figure 2-12: Bow resulting from varying pressure with a constant angle.
result is the desirability of being able to actively control the gap mid-process; while
the initial glass warp necessitates a large gap, reducing it to only 15 pm once the
glass relaxes and flattens appears to reduce gravity-induced sag significantly.
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2.4 Conclusion
The simulation results discussed above provided insight into how different process
parameters affect glass shape. The first insight was that assuming the glass sheet is
unconstrained in the z direction, unequal pressures on both sides would not induce
bow and simply cause the sheet to translate. If this is indeed the case, active pres-
sure equalization would not be critical for achieving repeatable results. Furthermore,
the effect of gravity was found to be not of great consequence. According to the
simulation, controlling the tilt to within 0.5' should limit the bow to only tens of
nanometers. Finally, gravity induced bow was unaffected by scaling up pressures,
but was found to be easily controlled by reducing the gap. It must be kept in mind
however that there may be unmodeled forces at play such as shear forces at the
boundaries or interference from the hooks, that could contribute to errors in practice
but cannot be predicted using this model.
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Chapter 3
Model Verification Experiments
In this Chapter, we experimentally examine the effect of closed-loop pressure control
and controlled apparatus tilt on sheet repeatability in order to verify model predic-
tions in Chapter 2. The second generation porous air bearing tool developed by
the Space Nanotechnology Lab was utilized for these experiments after some slight
upgrades to the apparatus.
3.1 Old Hardware
The old air bearing assembly was mechanically clamped together using metal support
plates, rods, nuts and belleville washers, as shown in Figure 3-1. To allow free ex-
pansion of the plates under temperature increase, the ball and cone joint was placed
at the center of each ceramic plate. The force loop generated from clamping tra-
verses the porous plates and spacers, without going through the glass sheet. Once
assembled, the support plates then rest on two stainless steel blocks placed inside the
furnace, as shown in Figure 3-2. Pressurized nitrogen is supplied to the air bearings
by two independent pressure lines, each consisting of 4 m of identically-bent tubing to
ensure equal heating. T-junction pipe fittings were placed at each mandrel to draw a
stagnant line from the oven that is connected to external pressure transducers. One
major drawback of this design is difficulty of assembly, which involves many compo-
nents and assembly steps. Figure 3-3 shows all the components used, and Figure 3-4
Clamping structures
Rod
Glass
sheet
Belleville
washers
Force path - - Nut
Figure 3-1: Schematic outlining the mechanical clamping method for the air bearing
assembly
Air inlet
connection
with housing
Stagnant line
connected to
sensors outside
furnace
Nuts and belleville Mandrels Stagnant line connected
washers to sensors outside furnace
Figure 3-2: Assembled air bearing inside the furnace, resting on two stainless steel
blocks.
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provides a graphic summary of the assembly process that is done with the aid of 3
balls and 3 alignment rods.
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Figure 3-3: List of all components in the air bearing assembly.
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Figure 3-4: Graphic summary of the assembly steps.
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3.1.1 Angle Control
The stiff nature of the stainless steel tubing and the forces they exert on the assembly
prevent the apparatus from being perfectly level, and generates errors from run to
run. To ensure repeatable gravity vector orientation during each run, a simple angle
control technique is devised using a 1.5 ton capacity scissor-jack (Figure 3-5a) and
a digital angle measure with a 0.05' resolution from Micro-Mark was used (Figure
3-5b). The scissor jack is placed under the oven's side leg once the assembly is placed
(a) (b)
Figure 3-5: (a) 1.5 ton capacity scissor-jack. (b) 0.05 resolution angle measure from
Micro-Mark.
inside, and is then raised or lowered until the desired angle readout is achieved.
3.1.2 Pressure Control
Pressure measurements in the old assembly were taken by precision capacitance
manometers from MKS Instruments Inc. shown in Figure 3-6a, with a range of
20 Torr or 0.387 psi and a resolution of 4 x 10-5 psi. However, the design relied on
manual mass flowmeters to control airflow. In order to achieve closed-loop pressure
control, these were replaced by two thermal-based 5000 sccm mass-flow-controllers
from MKS Instruments Inc, with an accuracy 1% of full-scale, shown in Figure 3-6b.
Data acquisition hardware from National Instruments was used; the 16-bit DAQPad-
6015 USB device along with a SCB-68 shielded connector block to minimize electrical
noise. An RT-65 power supply from Mean Well powers the electronics and sensors.
(a) (b)
Figure 3-6: (a) MKS Baratron 74021TFE3GA capacitance manometer (b) MKS
1179A01353C51BB Mass Flow Controller
3.2 LabVIEW Platform
Although initial data acquisition experiments were conducted through MATLAB's
Data Acquisition Toolbox, the LabVIEW platform was eventually favored due to the
availability of NI-DAQmx drivers allowing seamless integration of our NI hardware.
A user-friendly graphical user interface (GUI) was developed to control and moni-
tor the slumping process, and graphical programming on LabVIEW allowed rapid
prototyping for data acquisition software.
3.2.1 User Interface
A user interface was developed, which allows control of the pressures in both chambers
(P1 and P2) according to either of these three modes:
1. Command P1 and P2 to track independent pressures.
2. Command P2 to track P1.
3. Command a common set-point for both P1 and P2 to track.
In order to ensure the repeatability of process pressure, the third mode is used for
the majority of slumping work. Figure 3-7 is a screen shot of the user interface, and
Figure 3-8 displays the block diagram.
SMainManualPID_2MFMxvi Front Panel on Slumping lvprcjffoy Computer
File Edit View Project Qperate ~Eols /indow Help
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Figure 3-7: Screen shot of the LabVIEW Graphical User Interface
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Figure 3-8: Screen shot of the LabVIEW Block Diagram
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3.2.2 Controller
A simple proportional-integral (PI) control strategy was implemented to achieve sat-
isfactory performance governed by the control law,
u(t) = Kpe(t) + Ki j e(r) dr (3.1)
where the proportional gain K, and integral gain Ki were experimentally set to be
0.02 and 0.15 respectively [23]. The control loop is shown in Figure 3-9.
Figure 3-9: Control loop for controlling process pressure
3.3 Experiments and Results
In order to compare our results with those obtained in Chapter 1, similar experi-
ment parameters were used; Schott D-263 substrates with dimensions 100 mm x 100
mmx0.4 mm, and an air gap of 50[pm was set. In our experiment, closed-loop pres-
sure control kept supply pressures equal and at 0.25 psi, and apparatus tilt was
leveled to 00 prior to slumping slumping. The metrology was performed using the
Shack-Hartman tool described in the following section.
3.3.1 Shack-Hartmann Metrology System
Results were analysed in-house using the Shack-Hartmann opitical metrology sys-
tem developed by the Space Nanotechnology Lab, shown in Figure 3-10. Using a
deep-ultraviolet (deep-UV) mercury arc-lamp, the system is capable of measuring the
Figure 3-10: Shack-Hartmann Metrology System
surface topography of glass sheets as large as 100 x 140 mm to a repeatability of 40
nm[21]. The light is first spectrally filtered to ensure only deep-UV light passes for
which D-263 glass is opaque. A pinhole is then used to generate a spatially coherent
spherical wave that is then collimated to a planar wave by an off-axis paraboloid
mirror.
The planar wave is then reflected off the non-fiat optic, and a beam splitter directs
the aberrated wave-front to a lenslet-array and a CCD camera. As shown in Figure
3-11, a planar wavefront produces a rectangular array of spots and an aberrated
wavefront produces a distorted pattern of spots. This information is then processed
to infer the flatness profile of the substrate, and Zernike polynomials are used to
reconstruct its surface.
3.3.2 Experimental Results
In our experiment, a glass sheet was slumped once and analyzed on the Shack-
Hartmann. That same glass sheet was slumped again, and a difference map between
the result of both runs is calculated. This was intended to eliminate the contribution
of glass thickness variation.
I I
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Lcnslel array CCD array
(a) (b)
Figure 3-11: (a) Cross section indicating affect of wave aberration on CCD image. (b)
Microlenslets focus spots on the detector. The array of boxes represents the areas-of-
interest (AOI). Spots shifted from the center of their AOI's indicate an aberration in
the wavefront.
Single Measurement
Measurements indicated that the flatness of the glass sheet over a circular aperture
of 80 mm was reduced to a P-V of only 0.83 tm with an RMS of 0.199 pm, as shown
in 3-12(a). Histograms were plotted to indicate the distribution of deformations, and
the variations in both the x and y directions. RMS angle variations were 3.96 arcsec
in the x direction, and the 1.57 in the y direction.
Repeatability Measurement
Once the sheet was slumped again, a difference map for surface topography was
generated. Figure 3-13 shows that the P-V flatness variations over a circular aper-
ture of 80 mm was 2.41 pm with an RMS of 0.63 tm, not significantly lower than
the result obtained with open-loop pressure control and uncontrolled apparatus tilt.
Furthermore, histograms indicate that RMS angle variations were 6.23 arcsec in the
x direction, and 11.345 arcesc in the y direction. Variations in the y directions were
still larger than those in the x direction.
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Figure 3-13: Repeatability measurement results (a) Measured surface topography
after slumping (80 mm aperture), P-V 2.41 pm. (b) Deformation histogram, RMS =
0.63 pm. (c) Angle y histogram, RMS = 11.346 arcsec. (c) Angle x histogram, RMS
= 6.23 arcsec.
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3.4 Conclusion
The model findings in Chapter 2 suggested that the source of measured repeatability
error was not the open-loop pressure control. This was confirmed by the experimen-
tal results in Chapter 3 as controlling pressure and tilt parameters did not lead to
improved results. Glass total thickness variation (TTV) is one contributing factor to
the error, as D263 glass is rated with a maximum 20 pm of variation. Coresix, a pre-
cision glass company, offers double-side grinding for D263 substrates with thickness
500 pum and above that reduce TTV to only 2 pm. Double-side ground glass will
be used in future experiments to reduce TTV-induced error. There appears to be
other factors at play affecting the y direction more than the x direction. One major
unmodeled force suspected to cause y-direction variations is the hanging mechanism.
In this setup of vertical slumping, the glass was vertically hung through hooks. The
mathematical model assumed unconstrained motion of the glass sheet in the z direc-
tion due to pressures, but the hooks could be restricting glass motion and inducing
forces that distort the sheet. Chapter 4 covers the design process for a new slumping
tool that aims to circumvent these problems.
Chapter 4
Design of New Slumping Tool
This chapter details the design process, manufacturing and assembly of a third gen-
eration glass slumping tool, designed as the successor of the earlier design used in
Chapter 3 experiments. Results from the modeling and experiments of Chapter 2
and 3 inform the new design, and the known shortcomings of the earlier design are
avoided. The design objectives of the tool are first laid out, and the design process is
then detailed.
4.1 Design Strategy
The design requirements for the new slumping tool are summarized in Table 4.1. A
key goal of the new design is the elimination of errors induced by the method used
to constrain glass during vertical slumping. While experimenting with different hold-
ing mechanisms could potentially solve this problem, adopting horizontal slumping
would eliminate the problem altogether since glass would be freely floating the gap.
Although earlier experiments involving horizontal slumping have been conducted at
the Space Nanotechnology Lab, those were done using only a single air bearing [2].
This resulted in upward sheet bow due to the higher pressures at the center of the
air bearing, as seen in Figure 4-1. Using a two-sided horizontal slumping tool on the
other hand, would ensure identical pressure distributions on either side of the glass
sheet effectively eliminating sheet bow. A further advantage of this method is that
Functional Requirements
Eliminate hook error
Accommodate larger flats
and paraboloids
Active gap control
Air temperature monitoring
and control
Table 4.1: Requirements
Design Parameter
Vertical slumping - new holding mechanism
Horizontal slumping:
- Air bearing load capacity greater than glass weight
- In-plane point constraints at mandrel edges
Four times the area of pervious model
Flexible design to allow non-flat mandrels
Precision position sensing inside furnace
Actuation system inside/outside furnace
Thermocouples inside plenum
Heating coils to supplement heating
and Design Parameters of the new slumping tool
Glass sheet upward bow
Figure 4-1: Glass sheet upward bow experienced when slumping on a single horizontal
air bearing
Stainless Steel Frame
Glass Boundary Stop
Glass Sheet
Top View
Figure 4-2: Top view of how the glass could be constrained in-plane during horizontal
slumping. Four pins on all sides can keep it floating in the center.
glass would be fully floating in the gap, eliminating the need for a hook that would
apply reaction forces to the glass. In order to ensure the glass remains between the
air bearings, simple pin constraints at the edges such as those in Figure 4-2 could be
used.
Since model findings in Chapter 2 suggested that active gap control during the
slump cycle is desirable, this feature will be included in the new design. The design
must also be capable of the eventual use of non-flat mandrels to produce parabolic
and hyperbolic sheets for Wolter I optics. Finally, this design aims to process larger
glass sheets with dimensions up to 25 cm x 25 cm.
4.2 Design Concepts
4.2.1 Degrees of Freedom
To achieve the active gap control and plate parallelism required for this design, a min-
imum of three degrees of freedom are required; vertical translation and two rotations.
Figure 4-3 illustrates how this an be accomplished by moving either the top plate
or the bottom plate. Moving both plates is not considered for its added complexity.
Of the two choices, the moving top plate is preferred as furnaces generally have no
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Figure 4-3: Two different strategies for positioning the air bearings. (a) Moving top
plate, stationary bottom plate. (b) Stationary top plate, moving bottom plate
heating elements on their top surface, which facilitates inserting actuation rods from
above. The bottom air bearing can simply rest on the furnace hearth.
4.2.2 Design Modules
The slumping apparatus can be divided into three different subsystems:
" Sensor System
This module covers the different sensors measuring position, temperature and
pressure, and how they are integrated into the overall system.
" Air-bearing Assembly
Includes the design of the air bearings and their interfaces with the sensing and
actuation subsystems.
* Actuation System
This system includes the different components used to position the air bearings
inside the furnace.
4.3 Sensor System
4.3.1 Position Sensors
The major challenge with achieving active gap control is the need for sensors capable
of withstanding temperatures reaching 570'C inside the furnace, and providing a
measuring range of a few millimeters with sub-micron resolution. We begin with
sensor selection as the choice of sensor impacts the design of the air bearing. The
main candidate non-contact technologies for position sensing are optical techniques,
and electromagnetic techniques such as eddy-current and capacitive sensors.
Optical Intensity Sensors
Optical intensity sensors rely on a light source and sets of light transmitting and
light receiving fibers to measure displacement, as shown in Figure 4-4a&b. The
voltage-displacement curve in Figure 4-4c illustrates how the amount of received light
depends on the spacing between probe and measured surface. Two linear regions of
measurement exist, the near-range front slope and the far-range back slope, with a
higher sensitivity for the former [27]. The advantages of optical intensity techniques
include excellent resolution, immunity to electromagnetic interference (EMI) and the
ability to operate on many types of surfaces: metallic, plastic, ceramic or even liquid.
While some companies such as MTI Instruments produce optical sensors capable of
withstanding temperatures up to 750'C, they are significantly costlier than the other
alternatives considered. The high cost of this technique, coupled with its limited
measuring range and complexity make it an impractical choice for our application.
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Figure 4-4: Optical intensity sensor fundamentals: (a) Light supplied by transmitting
fibers is then collected by light receiving fibers in a position dependant manner. (b)
Typical supply-receiving fiber distributions. (c) Output voltage vs. Target displace-
ment curve highlighting the two linear regions.
Eddy-Current Sensors
Eddy-current sensors are high resolution displacement transducers based on magnetic
field measurements, as shown in Figure 4-5. They operate by supplying alternating
current to a coil located at the sensor tip, and the resulting magnetic field induces eddy
currents in a conductive target. These eddy currents in turn generate an opposing
magnetic field, which interacts with the original magnetic field in a deterministic
posit ion-dependant manner. The sensor's conditioning electronics output a voltage
proportional to the desired gap [26]. For the same size capacitive sensor, eddy-current
sen end to have comparable measuring range but less resolution and a lower
cost. The raximum operating temperature of eddy-current sensors is limited by the
materials used in their construction. While most sensors are bonded together with
epoxies that cannot withstand high temperatures, some are constructed using high
temperature alloys and brazed together to handle harsh environments. However, the
only high temperature rated eddy-current sensors found were from Kaman and were
capable of operating at only 538'C, just shy of our operating requirements.
Probe
Alternating
Magnetic Field
Opposing
Magnetic Field
Eddy-Currents
Figure 4-5: Eddy-current sensor operation: Eddy-currents generate distance depen-
dant opposing magnetic fields used to measure displacement.
Capacitive Sensors
Capacitive sensors use a probe/conductive target setup similar to that of eddy-current
sensors, but rely on electric fields instead. The capacitance between parallel plate
conductors is governed by the following relation
e EAC0=-d
where E is the permittivity, A is plate area and d is the distance between the two
plates. An alternating voltage is supplied as shown in Figure 4-6a, creating an al-
ternating current in the circuit. Since the amount of current flow is dependant on
the capacitance, these sensors output a voltage proportional to sensor displacement,
with resolutions that can reach nanometer levels. Like eddy-current sensors, the max-
imum operating temperature of capacitive sensors depends on the materials used in
the sensor's construction. Capacitec, a local capacitive sensor company, has devel-
oped a range of products with maximum operating temperatures up to 1000'C for
applications in aerospace, the automotive industry and metal and glass production.
Several mounting techniques are available from Capacitec; button sensors, cylin-
drical sensors and threaded sensors as shown in Figure 4-7. Unlike the cylindrical and
threaded sensors, button sensors do not have a casing and their exterior cannot be
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Figure 4-6: (a) Capacitance dependant current flows through the circuit, from which
displacement can be inferred. (b) Capacitive sensor construction: a sensing area,
body, and guard to focus the electric field in the gap.
(a) (b) (c)
Figure 4-7: (a) Button sensors, embedded into place. (b) Cylindrical probes, fastened
with a set-screw. (c) Threaded sensors, screwed into place.
grounded or connected to a conductor, making it unsuitable for our application. Of
the two remaining options, the threaded sensor provides more flexibility and ease of
assembly and is preferred for our design. Sensor casing are typically made of Inconel-
600, which has a CTE of 14.2 x 10-6 pum/ m0C. However, the manufacturer agreed to
machine our casings out of any material we choose at very little additional cost.
Three HPT-150F-V-N2-3-B "V" series probes from Capacitec rated for temper-
atures up to 8500 were purchased, and the different calibrations possible are sum-
marized in Table 4.2. As a trade-off between measuring range and resolution, and
since we are interested in low frequency position changes, the sensor was calibrated
for operation at the maximum measuring range (2500 pm) and lowest frequency (220
Hz). This provides a resolution of 87.5 nm, ten times better than the desired po-
sitioning accuracy of 1 pm. The sensor cable is a 0.130" diameter Inconel braided
coaxial cable that must be kept electrically isolated from ground, and is covered with
a Nextel mineral fiber over-braid. A 4004-P115-OBNC rack from Capacitec was used
Measuring Range (Am)
200 1000 2500
220 0.56 14 87.5
Frequency 3275 2.16 54.02 337.6
(Hz) 6000 2.92 73.11 456.95
Table 4.2: HPT-150 resolution in nanometers for different calibrations of measuring
range and frequency.
to mount the three 410-XS amplifier cards used to generate the output voltage. A 5'
low-temperature extension cable was purchased in order to reach to the electronics
outside the furnace.
4.3.2 Pressure Sensors
Simulation results shown in Table 4.11 show that the plenum pressures required for
the new air bearing assembly are comparable to those in the old slumping tool.
Therefore, the same capacitance manometers from MKS Instruments Inc. shown in
Figure 3-6a are used.
4.3.3 Temperature Sensors
In order to measure the temperature of air inside the plenum, Type K Nextel-ceramic
insulated thermocouples from Omega (XC-24-K-40) were chosen for this application,
seen in Figure 4-8. They feature an AWG size of 24 and custom wire length of 40" to
reach outside the furnace, and would be inserted into the plenum through a custom
feed-through.
4.4 Air Bearing Assembly
A number of different porous materials such as graphite, silicon carbide and aluminum
oxide were considered for our air bearings. Their relevant mechanical and thermal
properties are summarized in Table 4.3. While graphite is a common choice for
air bearings, such as those manufactured by the New Way Air Bearing Company,
Figure 4-8: Nextel ceramic-insulated type K thermocouple
Material Young's Thermal CTE Melting
modulus conductivity point
GPa W/mK 10- 6 /oC C
Silicon Carbide (SiC) 455 155 4.5 2730
Aluminum Oxide (A12 0 3 ) 300 24 7.4 2054
Graphite (C) 4.8 24 0.6-4.3 3650
Table 4.3: Requirements and Design Parameters of the new slumping tool
ceramics were preferred by the Space Nanotechnology Lab since they do not oxidize
in air environments and possess high stiffness and dimensional stability. The latter
property is essential for minimizing plastic deformation during the precision grinding
of the plates. Since the air bearing for this tool is to be permanently bonded, the
main factor informing material selection is the joining technique used to bond the
mandrel and the housing.
4.4.1 Mandrel-Housing Joint
The harsh furnace environment coupled with the CTE mismatch between ceramics
and most metals make permanent bonding of the air bearing assembly a challenging
task. The bond must not only be strong, but also leak-tight for pressure generation
in the plenum. Nuts and bolts are not considered in this design as they tend to fuse
under the high temperature, and their mechanical clamping force loosens over time.
Two possible joining techniques are discussed below.
High Temperature Ceramic Adhesives
Candidate adhesives must be capable of bonding ceramics together while withstand-
ing the temperatures required for slumping, a requirement that greatly reduces the
number of available options. Aremco is one company that specializes in producing
adhesives, coatings and sealants designed for temperatures up to 1700'C (Table 4.4).
Two of their ceramic based adhesives designed for bonding Silicon Carbide were tested
earlier by the Space Nanotechnology Lab, the Ceramabond 865 and 503, made with
Silicon Carbide and Aluminum Oxide fillers respectively. While Ceramabond 865 was
found to not yield a satisfactory bond, 503 was verified as a viable option [2]. For
Aluminum Oxide ceramics, Aremco also produces Ceramabond 569. While several
high temperature adhesives capable of bonding ceramics exist, they are not suitable
for bonding the ceramics to steel components given the large CTE mismatch that
would cause cracking and brittle fracture of the ceramic.
Part No. Filler Material Test Result
865 Aluminum Nitride Extremely weak bond on SiC and Al 203
503 Aluminum Oxide Strong bond on SiC and A12 0 3
569 Aluminum Oxide Strong bond on A12 0 3
Table 4.4: List of different high temperature Ceramic adhesives by Aremco
Furnace Brazing
Another potential technique for bonding the housing and the mandrel is brazing. The
brazing process involves the joining of two -possibly dissimilar- materials together by
heating a filler material just above its melting point. The loose-fit of both materials
allows the filler to be distributed in the interface via the capillary effect, and diffuse
into the materials forming a metallurgical bond often stronger than the materials
being bonded (Figure 4-9). Generally, the melting point of the filler is above 450 C
but below that of the joined materials. One advantage of brazing is that the entire
assembly can be brazed at once by placing it inside the furnace and raising the
Meniscus
Filler Alloy
Filler Rises
Via Capillary
Effect
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Figure 4-9: Illustration of the capillary effect essential to the brazing process. (a)
The two parts to be bonded are loosely fitted with a filler alloy sheet (b) As the
temperature rises above the filler's melting point, the capillary effect causes the filler
to wick up and be distributed in the gap. As the temperature is reduced, a permanent
metallurgical bond is formed.
(a) (b)
Figure 4-10: (a) Flame brazing, local heat is applied through a flame. (b) Furnace
brazing, global heat is applied by raising the temperature of the environment
temperature to above the filler's liquidus temperature, a process known as furnace
brazing. This is in contrast to flame brazing, which applies heat locally to the parts
being brazed (Figure 4-10). More importantly, brazing can be used to join dissimilar
materials, which means that furnace brazing can be used to bond ceramics together
and to metal components in a single step.
4.4.2 Material Selection
Ceramic Plates
Ceramic material choice is critical when considering brazing since not all ceramics
are equally easy to braze. After consulting with Omley Industries, a US company
specializing in ceramic metallizing and different brazing processes, it was found that
brazing professionals are much more comfortable with working on brazing aluminum
oxide than Silicon Carbide. The latter is avoided whenever possible since it does not
handle brazing stresses well, even when its CTE is closely matched to other materials.
On the other hand, Aluminum Oxide has a higher CTE that facilitates its brazing to
certain alloys, and allows it to better handle brazing stresses. Aluminum Oxide was
therefore the material of choice for our application.
Most porous ceramics are produced by sintering at temperatures from 1200 to
15000. While custom molds can be made for plates of virtually any size, high tool-
ing costs mean that our small volume order must use standard plate dimensions.
The largest porous Aluminum Oxide plates available were procured from Refractron
Technologies Corp, the same company that supplied our 6" x6" x0.5" Silicon Carbide
plates. The plates have dimensions of 12" x 12" x0.75", a purity of 92%, porosity of
40% and a mean pore size of 15 pm. Thicknesses of both 0.5" and 0.75" were avail-
able, and the latter was preferred for its increased stiffness during grinding (stiffness
goes with cube of plate thickness). One constraint on the brazing process is the 800'C
maximum allowable operating temperature of the Aluminum Oxide ceramic, due to
the glass bonding used in the porous ceramic. To cope with this constraint, a brazing
alloy with a liquidus temperature below 800' must be used. The use of active metal
brazing is preferred, as it allows the brazing to be conducted in a single step, elim-
inating the need to first metallize the ceramic in traditional methods. Of the many
active brazing alloys (ABA) available, Incusil-ABA by Morgan Technical Ceramics
was chosen for its low liquidus temperature of 715'C and cost considerations. The
composition and properties of Incusil-ABA are summarized in Table 4.5
Omley Industries did not have brazing furnaces large enough to accommodate
Nominal Composition Liquidus Solidus
% C 0C
Incusil-ABA Ag - 59.0 715 605
Cu - 27.25
In - 12.5
Ti - 1.25
Table 4.5: Composition and properties of the Incusil Active Brazing Alloy from Mor-
gan Technical Ceramics
(a) (b)
Figure 4-11: (a) Rather than melting, it was observed that the braze alloy was ox-
idized. (b) Stains from volatile organics that only became visible after the thermal
cycle
our plate dimensions, and recommended working with Altair Technologies for our air
bearing assemblies. Samples of our ceramic plates were sent to Altair Technologies to
conduct preliminary brazing tests and characterize our material. In the initial exper-
iment, the alloy appeared to have never reached the liquid phase and was darkened
due to the appearance of an oxide layer seen in Figure 4-11. This was likely caused by
the presence of oxygen at temperatures above 1500 C, and can be prevented by first
clean-firing the ceramic to ensure all the water is removed. The other observation was
the appearance of stains that only became visible after the thermal cycle, possibly
due to volatile organics coming into contact with the plates. Thorough cleaning of the
mandrels before processing is therefore essential. This test also confirmed that the
ceramic is capable of withstanding the heating and cooling rates of the brazing pro-
cess. The experiment was repeated after cleaning the ceramic surface and performing
Figure 4-12: Better braze results were obtained after cleaning the ceramic surface and
clean-firing the ceramic. Destructive test results show that the ceramic failed before
the bond.
a clean-fire, and much better results were obtained. A destructive test (Figure 4-12)
shows failure of the bulk aluminum oxide material, indicating that the braze joint is
in fact stronger than the ceramic. Another essential factor for a good bond is the
flatness of the ceramic plates, recommended by Altair Technologies to be less than
0.002".
Metal Components
Besides the brazing of two ceramic plates together, the air bearing must also attach
to metal components such as air feed-throughs, sensor mounts and components that
carry its weight. A number of different materials can be brazed to Aluminum Oxide,
and properties of the most commonly materials are summarized in Table 4.6. Since
some brazing joints in our application need to be strong enough to carry the weight
of the ceramic plates, copper was ruled out for its softness at high temperatures.
Of the three remaining materials, Kovar stood out as both the most CTE matched
material and the one most routinely used with aluminum oxide. Kovar (ASTM-F-15)
is a Nickel-Cobalt Steel alloy with a CTE designed to match that of borosilicate glass
Material CTE, 5700 C
Copper 20.95 Bad CTE match, but becomes very soft.
Good for ductile connections.
Tantalum 6.65 Well-matched CTE.
Less ductile than copper but softens.
Kovar 7.04 Well-matched CTE, routinly used for brazing Alumina.
Titanium 9.52 Less CTE matched, can work for small parts
Table 4.6: Comparison of different materials used for brazing to Aluminum Oxide
and certain ceramics, allowing the formation of permanent mechanical connections
over a large range of temperatures. Figure 4-13 illustrates how closely matched the
CTE of Kovar is to aluminum oxide, and both are almost equal at 570 C. Worth
noting is the sudden change in slope of Kovar's CTE at 435 C, the Curie temperature
(Tc). Kovar is a metastable FCC alloy, and its CTE is kept low below Tc due to
magnetoresistive forces. Above this temperature, its CTE becomes similar to other
Fe-base FCC alloys [12]. Capacitec also agreed to machine the capacitive sensor
casings from Kovar, which facilitates their mounting to our air bearing assembly.
Therefore, our air bearings will be composed of Aluminum Oxide ceramic mandrels
and Kovar components, permanently assembled using furnace brazing with an Incusil-
ABA brazing alloy.
4.4.3 Mandrel Grinding
The air bearing consists of two components, the mandrel plate and the housing plate.
To simplify the grinding and machining steps, all of the air bearing's interfaces with
the actuation, sensing and mounting subsystems were designed into the housing plate.
Both the precision grinding and the machining of the ceramics was coordinated with
off campus vendors, since MIT's facilities lack the diamond cutters and wheels needed
for ceramic machining.
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Figure 4-13: Thermal expansion coefficient (CTE) comparison of Kovar Alloy with
94% Alumina
Since mandrel flatness is crucial to obtaining flat glass sheets, precision grinding
of the ceramic mandrel must be conducted to remove irregularities from its surface.
The 4" x4" xO.5" mandrels used in the earlier vertical slumping tool were ground to
micron-level flatness by the Professional Instruments Company. At the time, they
were the only vendor with adequate machine tools and metrology willing to grind the
ceramic plates to the prescribed tolerance. The company performed dry grinding on
two-axes as shown in Figure 4-14; while the workpiece rotated about the z-axis, the
grinding plate rotated about and translated along the x axis. Using high stiffness
air bearings on both axes and experimenting with wheels of different grit sizes, the
company was finally able to produce flat mandrels down toa PV of 1 and 3 pm on each
mandrel respectively. The major challenge with grinding our 12" x 12" x 0.75" plates
is their size; their lateral dimensions are twice as large with four times the overall
area of the old plates. As a result, the Professional Instruments Company and other
local companies could not perform the grinding as our plate were too large to hold for
their fixturing equipment. The only option available was the BoX Ultra Precision Free
Form Grinding and Measuring Machine from Cranfield's high precision engineering
center in the UK, shown in Figure 4-15. Built to handle workpieces up to 2 m in
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Figure 4-14:
motions. (b)
(a) Grounding the mandrel using one translational and two rotational
Only a 4" x 4" area was ground in the center of the 6" x 6" mandrel
diameter, it boasts the ability to grind a 1 m diameter Silicon Carbide substrate to
1pm P-V in less than 10 hours. One advantage of the the BoX machine is its ability
Figure 4-15: The BoX Ultra
from Cranfield University
Precision Free Form Grinding and Measuring Machine
to grind free form surfaces, with a maximum sagitta of 100 mm and maximum surface
slope of ±180. This is a necessary capability for the production of the hyperboloid
and paraboloid mandrel surfaces required for Wolter optics.
Grinding Results
The plates were fixtured in the BoX grinding machine as shown in Figure 4-16. Both
sides of the plate were ground, and measurements were taken on a Leitz PMM-F
Coordinate Measuring Machine (CMM) with a 5 mm probe tip. Due to the medium
Figure 4-16: Method of fixturing the ceramic plate inside the BoX machine.
grain size of our porous ceramic material (approximately 180 grit), the initial P-
V surface variation was on the order of 800 pm. While Cranfield promised that
submicron flatness can be achieved on our plates, the results shown in Table 4.7
indicate that the best surface flatness achieved on both plates were 11.5 and 15 Am
respectively, an order of magnitude worse than we anticipated. Figure 4-17 shows the
Top Surface Bottom Surface Parallelism
Pm Im pm
First Plate
Second Plate
15.7 11.5 6.4
15 21 50
Table 4.7: Grinding results of both plates
CMM trace for the second plate, and it can be observed that the highest P-V values
are at the four corners of the plate where it was least constrained, with better flatness
in the center.
Figure 4-17: CMM measurements with a Lietz PMM-F, with a 5 mm probe tip.
Larger P-V values can be seen at the ceramic plate's edges.
It was speculated that these results are due to two factors. The first is the fixturing
technique. When the plates were still mounted in fixture, flatness was measured at
around 7 microns for both plates but then it distorted upon release to between 11-15
microns, suggesting that a better fixturing method can improve flatness. The other
factor is the large grain size of our ceramic plates, which caused the grinding wheel
to break off small pieces of the ceramic surface. This can be prevented by using a
porous ceramic with smaller grain size. Cranfield produces an aluminum oxide porous
ceramic with roughly the same porosity but much smaller pore sizes achieved by a
proprietary process, which can be used in the design of our future air bearings. Figure
4-18 shows confocal microscope images comparing the surface of our ground ceramic
to the much smoother surface of the special Cranfield ceramic. Time constraints of
the current design did not allow an investigation of the Cranfield ceramic, but this
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Figure 4-18: Confocal microscope images: (a) Refractron porous ceramic, holes of
25-30 microns distributed over the surface. (b) Cranfield porous ceramic sample.
option will be considered for future versions of the slumping tool.
4.4.4 Housing Machining
In our design, the housings of the top and bottom air bearings interface with different
subsystems; the bottom air bearing must rest on a kinematic coupling and carry the
capacitive sensors, while the top air bearing must interface with the actuation system
and carry the sensor grounding plates. In order to minimize design complexity and
part count, the design was carried out in a way to ensure that both the top and
bottom housings were identical.
The housing design can be seen in Figure 4-19, and is is followed by a discussion
of its different components. Due to the large size of our plates, Ferro-Ceramic was
the only company that agreed to perform the machining at the tolerance we required.
Plenum Chamber
A pocket cavity of 10" x 10" x 0.100" was milled in the center of the housing to form
the plenum chamber. The 1" wide unmilled frame allows the bonding of both air
bearing components, and the machining of slots to mount the sensors and grounding
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Figure 4-19: Ceramic Housing CAD Model (a) Top View (b) Bottom View
plates. The pocket has side corner radiuses of 1/4" and bottom corner radii of 0.003"
to 0.015".
Actuation and Coupling Interfaces
To achieve the desired degrees of freedom, the air bearing must interface with at
least three rods being driven from outside the furnace. Since the interface carries the
weight of the air bearing, tensile stresses in the joints is plotted as a function of the
number and size of the disks in Figure 4-20, to ensure the maximum stress is not
exceeded. Stress is given by the equation,
4F
o- (4.1)n7d2l
where F is the weight of the air bearing, n is the number of disks and d is their
diameter. According to these calculations, three disks 1" in diameter are sufficient to
lower stresses to the neighbourhood of 50 kPa, well within the capacity of the brazing
interface. In order to further strengthen the brazing bond, 0.2" deep pockets were
milled into the ceramic to so that both tensile and shear stresses carry the weight
of the air bearing. The three disks were spaced 120' apart on the perimeter of a 9"
Tensile Stress vs. Disk Diameter
400 r -__
350
m 300
. 250
S200
15200 
-- 3 disks
150
W 100 4dsk
50
1 1.5 2 2.5 3 3.5 4
Disk Diameter (cm)
Figure 4-20: Tensile stress in the brazing interface plotted as a function of the number
of disks and their sizes
diameter circle, as seen in Figure 4-21.
Sizing the ceramic hole diameter and Kovar disks appropriately is critical for the
success of the brazing joint. Since 0.002" thick brazing alloy is used, we must ensure
that the a gap of 0.002"-0.005" is maintained between the ceramic and Kovar disks
at the brazing temperature for the capillary effect to occur, as shown in Figure 4-22.
The ceramic 1" hole was drilled with a t0.002" tolerance and the Kovar disks were
machined with ±0.001" tolerance, and so Kovar disks were machined to a diameter
of 0.993". Given that the ceramic cavity's sidewalls have a radius from 0.003" to
0.015" with the bottom surface, a 0.020" x45' chamfer was machined on the Kovar
disk's bottom edge to ensure the disks sit flush into the slot. In order to simplify
the machining and brazing of the components, the same pocket-disk size was used for
all other housing interfaces. As shown in Figure 4-23, the actuation interface has a
female 3/8" thread and the kinematic coupling mount has a 1/4" male thread.
Air and Thermocouple Feedthroughs
In order to generate pressure inside the plenum, pressurized air is fed into the air
bearing through a Kovar feedthrough that interfaces with a 3/8" T-fitting. One inlet
9.000"
Figure 4-21: Actuation interfaces distributed on the perimeter of a 9" circle.
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Figure 4-22: Method for calculating brazing connection dimensions
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Figure 4-23: (a) Mounting disk for actuation system. (b) Mounting disk for kinematic
coupling.
of the fitting brings heated air into the plenum and the other is a stagnant line for the
pressure sensor inlet. To measure the air temperature inside the plenum, a second
feedthrough is built into the ceramic mandrel. The type K ceramic-insulated thermo-
couples are inserted into the feedthrough and secured in place with Pyro-Putty@1500
from Aremco, a ceramic-metal putty used to seal joints in high temperature applica-
tions up to 12600 C. It was chosen since it's easy to remove without destroying the air
bearing in case the thermocouple must be replaced. The thermocouples were custom
ordered with longer 40" leads to ensure the leads can reach the furnace's exterior.
Both feedthroughs are shown in Figure 4-24.
(a) (b)
Figure 4-24: (a) Air feedthrough, connects to a T-fitting (b) Thermocouple
feedthrough, thermocouple is secured to it through adhesive.
Sensor Slots and Grounding Plates
The capacitive sensors and conductive grounding plates must be mounted flush with
the surfaces of the mandrels. In order to mount these components, three 0.750" x 0.600" x0.200"
side slots were milled into each ceramic housing. The slots were identical for both
the threaded sensor mounts and the grounding plates, and the circle containing the
centers of the probes was concentric to and aligned with the circle containing the
actuation mounts. Dog ears were milled into the interior corners of the slots, and
the edges of the inserts where chamfered to ensure the inserts sit flush inside the
slots. The sensor mount, seen in Figure 4-25, features a 3/8"-24 UNF-2B thread to
screw in the sensor and a 3/8" deep clearance hole to minimize thread engagement
length and reduce the chance of fusing. The 1.25" long sensor is screwed in place
until flush with the mandrel. The minimum grounding plate size according to Ca-
pacitec is 3/8" x3/8", and so a 0.750" x0.750" target area was used. To connect the
grounding plate to the Capacitec rack, high temperature Nickel wires insulated with
glass-reinforced mica tape were used. The Nickel wires were welded to the grounding
plates at the MIT Central Machine Shop.
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Figure 4-25: (a) Capacitive sensor insert, with a clearance hole and thread. (b)
Grounding plate
Kinematic Coupling
To ensure repeatable positioning of the bottom air bearing on the furnace hearth,
a three-groove kinematic coupling shown in Figure 4-26 is designed. The three V-
grooves are spaced 120' apart on the perimeter of a 9" diameter circle, and mounted
onto a 0.5" thick stainless steel plate that rests on the furnace hearth. The kinematic
coupling preload is the 40 N weight of the air bearing. Kinematic components were
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Figure 4-26: Top of the of the three-groove kinematic coupling used to repeatably
position the bottom air bearing on the furnace hearth.
purchased from Baltec; three truncated 1" diameter balls and three V-grooves, shown
in Figure 4-27.
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Figure 4-27: (a) Truncated
VB-75-CPM.
and threaded ball, . (b) Cylindrical post mounted V-block,
Figure 4-28: Top air bearing, carries sensor grounding plates
Figure 4-29: Bottom air bearing, carries capacitive sensors.
4.4.5 Material Properties at High Temperatures
In order to perform static and thermal analyses on our slumping tool, the mechanical
and thermal properties of the aluminum axide and Kovar at elevated temperatures
must be known. Table 4.8 summaries the properties of Aluminum Oxide at 600 C.
Shear Modulus G Poisson's Ratio v Young's Modulus E
(GPa) (GPa)
Aluminum oxide 136 0.22 330
Table 4.8: Elevated temperature properties of Aluminum Oxide at 600'C
Kovar
The temperature dependance of Kovar's CTE was discussed earlier and is plotted in
Figure 4-13. Similarly, Kovar's Young's Modulus and Poisson's Ratio can be seen in
Figure 4-30. Another important property, particulary in flexure design, is the yield
stress of Kovar at the elevated temperature. While information about Kovar's yield
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Figure 4-30: Kovar (a) Young and Shear Modulus. (b) Poisson's Ratio.
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alloys and their densities. [91
stress was only available for temperatures up to 400'C (Figure 4-31), data up to
600'C was available for a group of similar Ni-Fe alloys. A comparison between the
different alloys can be found in Table 4.9, and the yield stress curves of the different
alloys are superposed on Figure 4-32. According to Figure 4-32, the trend appears
to be a fast decrease in yield up to temperatures near 300-400 which then flatten out.
At 400'C, Kovar has a yield stress higher than 2 of the 3 alloys, and shows signs of
a decrease in slope. A conservative 90 MPa yield stress at 600'C is adopted for our
design calculations.
0.
0
1.6 105
1.2 10'
8 10'
4 1fl
4
Young's
Shear Modulus
1200
cIm3 )
Kovar Yield vs. Temperature
400
350
S300
( 250
S200
150
>- 100
50
0
0 50 100 150 200 250 300 350 400
Temperature (C)
Figure 4-31: Kovar yield stress as a function of temperature
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Figure 4-32: Yield a function of temperature
4.5 Model Verification
4.5.1 Load Capacity
In order to slump in the horizontal configuration, the air bearing must have a load
capacity greater than the weight of the glass sheet used. Table 4.10 lists the weight
of Schott D-263 glass for a combination of different dimensions and thicknesses, given
a density of 2.53 g/c.c.
The load capacity of the air bearing can be calculated by integrating the pressure
Thickness
0.4mm 0.5mm
Sheet 4"x4" 0.098 0.123
Size 10" x 10" 0.635 0.794
Table 4.10: D263 glass weight in N, for different combinations of size and thickness
distribution over the mandrel's surface area,
jW L(p - Pa) dx dy (4.2)0 0
Simulations were conducted on the 10" x 10" x0.75" plates to ensure that sufficient
load capacity can be generated. Table 4.11 shows that 1 psi of supply pressure with
a gap of 50 pm yields almost 1 N of load capacity. Therefore, according to the
Mandrel Size Supply Pressure Maximum Pressure Load Capacity
psi mPa N
10" x 10" x 0.75" 1 4.5 0.967
Table 4.11: Air bearing load capacity, calculated at a gap of 50 pm
simulation, at least 1 psi of pressure must be maintained in the plenum to ensure the
air bearing can lift the glass substrate in the horizontal configuration.
4.5.2 Deflection from Pressure
The pressure generated in each plenum imposes a uniform pressure distribution on
the back of the mandrel, causing some deflection. Since a flat mandrel is critical to
the slumping process, Finite Element Analysis (FEA) is carried out to check if the
deflection can be tolerated. Figure 4-33 shows that for a supply pressure of 1 psi, the
maximum displacement occuring at the center of the mandrel is in fact acceptable at
only 0.78 pm.
Figure 4-33: Yield
4.5.3 Deflection from Kinematic Coupling
Since both air bearings are supported by only three disks each, the sag of the air
bearing under gravity must be quantified. FEA results indicate that the maximum
deflection due to gravity sag is only 75.3 nm and therefore of no consequence.
4.6 Furnace
The 6" x 6" air bearings used in the previous slumping tool were placed inside a
Lindberg/Blue BF51842 furnace, with an interior chamber size of 15" x11" x 13" and
a maximum temperature of 1200'C. A larger furnace was needed to slump using
our larger 12" x 12" air bearings, and a number of different options were considered.
The furnace chosen was the XLE-3648 model from the L&L Special Furnace Company
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Figure 4-34: FEA results illustrating the bow of the air bearing under its own weight,
when supported by the kinatmic coupling. A maxmimum deflection of 75.3 nm is
reported.
shown in Figure 4-35. It was chosen for its large interior working area of 31" x 34" x 44"
and maximum temperature of 1200'C, and is also the furnace used by the glass
slumping researchers in the Goddard Space Flight Center. Eurotherm 2132/2404
55TA01/ 4HM
55 1/4-1
Figure 4-35: Schematic of the XLE-3648 model from L&L Special Furnace Company
controllers were selected for use with the furnace since their manufacturer supplies
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LabVIEW drivers for data acquisition. As with most furnaces, this model has no
heating elements on the top surface.
4.7 Actuation Concept
This section covers the design process of the actuation system used to position the
top air bearing. The objective of this actuation system is to both achieve parallelism
between the air bearings and maintain the desired gap, according to the requirements
summarized in Table 4.7. In order to actuate the air bearing with sub-micron precision
Functional Requirements Design Parameters
3 Degrees of Freedom z-translation
x-y rotations
Motion Range Linear range > 5 cm
Angular range of 0.50
Resolution Sub-micron resolution
Table 4.12: Functional requirements and design parameters of actuation system
in an environment where thermal cycles between 25 to 5700 C are experienced, the
design of a durable and repeatable drive train is required. Pin-joints and bolts are
avoided in the design to prevent backlash and fusing between different components
[36). Flexure joints will be the method used to provide degrees of freedom to the air
bearing, due to their superior repeatability, monolithic nature and ability to provide
thermally symmetric designs. Conceptual design of the actuation system is divided
into selection of the flexure configuration and the actuator configuration.
4.7.1 Flexure Configuration
Since the air bearing is driven by three or more rigid rods, flexibility must be built
into the system via flexures to so that the air bearing may rotate without cracking
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from stresses. While this can be done in a multitude of ways, two main candidate
configurations were considered for our slumping tool; the horizontal and vertical con-
figurations shown in Figure 4-36.
Rod -
Actuation
Points
Horizontal
Flexure
Frame
Top View
(a)
Front View
(b)
Figure 4-36: (a) Horizontal flexure configuration. (b) Vertical flexure configuration
Horizontal Configuration
In this configuration, a horizontal monolithic flexure frame attaches to the air bear-
ing as shown in Figure 4-37. A key advantage of this configuration is minimizing the
number of required Alumina-Kovar brazing interfaces, as the side inserts carry the
load of the air bearing and provide the actuation points for the four driving rods. A
major disadvantage with this configuration is that the vertical z-motion is achieved
via the flexures, and therefore limited by the reduced yield strength of Kovar at high
temperatures. Preliminary calculations suggested that achieving vertical displace-
ments of a few centimeters would require very long flexure blades, making the frame
very large and this method impractical [34].
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Figure 4-37: Horizontal flexure configuration
Vertical Configuration
In this configuration, the flexures are oriented vertically as shown in Figure 4-38. The
advantage of this technique is that fiexures are only responsible for the air bearing's
rotation, and vertical motion is achieved by simply translating the rods. Another
advantage is that the flexures can be machined into the driving rods, eliminating the
need for a flexure frame and reducing part count. The vertical configuration was
therefore preferred for our application.
4.7.2 Actuator Configuration
The vertical flexure configuration can be actuated in a number of different ways, with
a minimum number of three actuators needed to control the top air bearing's three
degrees of freedom. Two main strategies are discussed in this section.
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Figure 4-38: Vertical flexure configuration
Single Stage Actuation
In this method, three linear actuators are used to control each actuation rod inde-
pendently as shown in Figure 4-39a. One potential linear actuator satisfying these
requirements is the M-235 Heavy-Duty Precision Linear Actuator from Physik Instru-
mente shown in Figure 4-39b. This ballscrew DC actuator has a travel range of 5 cm,
incremental motion of 0.1 pm and an axial load capacity of 120 N. While this tech-
nique requires the least number of actuators, it suffers from a couple of drawbacks.
Most notable is high price tag of having sub-micron resolution over the entire range
of motion, when in fact it is only necessary over a few millimeters. Furthermore, the
independent actuation of the three rods may induce out of plane forces on the air
bearing that could cause cracking, making this strategy undesirable.
Coarse-Fine Actuation
These problems can be avoided by using four actuators in a coarse-fine actuation
scheme. In this strategy, a lower-resolution linear actuator is used to translate the
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Motor 1 Motor 2 Motor 3
Independently
Actuated.Rods
4--Flexures
(a) (b)
Figure 4-39: (a) Three linear actuator configuration. (b) M-235 Heavy-Duty Precision
Linear Actuator from Physik Instrumente
entire air bearing assembly over a large range of travel. Three high-resolution but
low travel-range actuators then control the fine positioning, as shown in Figure 4-40.
Due to its lower cost, this strategy was selected for our design.
Motor 1 Moving .Platform
(Coarse Positioning)
2 3 4 Fine Positioning
Flexures
Air Bearing
(b)
Figure 4-40: Four linear actuator configuration, using a coarse-fine technique.
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4.8 Actuation Detail Design
The section describes detail design of the coarse-fine actuation system used to trans-
late the rods and position the top air bearing.
4.8.1 Coarse Positioning System
The design of a coarse stage to provide the z-translation was conducted according to
the requirements summarized in Table 4.8.1. The motor selected was the 23A102C
Functional Requirements Design Parameters
One degree of freedom Vertical translation (z-axis)
Large range of motion Greater than 5 cm
Resolution Smaller than the fine stage motion range
Axial load capacity Capable of carrying the air bearings
and driving rods (around 80 N)
Table 4.13: Functional requirements and design parameters of the coarse motion stage
stepper motor from Anaheim Automation, used in conjunction with a MBC05641
Microstep Driver and PCL601USB Programmable Step Motor Controller from the
same manufacturer, all shown in Figure 4-41. This is a hybrid stepper motor with
a 6" lead-screw, providing motion at a resolution of 30 pm/step and can be micro-
stepped by a factor of up to 64. The motor can also support axial loads up to 170
N. The coarse motion stage was designed around this motor for mounting on the
furnace's top surface, as shown in Figure 4-42. The motor mount is machined from
a 4.5" diameter cylinder which rests on a 12" x 12" x0.5" base-plate, both made from
Stainless Steel. The linear guides for the coarse stage are three 3/8" hardened-steel
precision shafts, along which translate three self-aligning linear ball bearings which are
fitted into the stage. As seen in Figure 4-43, the coarse motion stage also attaches
to the 1/4" lead-screw of the stepper motor using two ball bearings, a spacer and
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(a) (b)
Figure 4-41: (a) 23A102C Hybrid Non-captive Stepper Motor (b) PCL601USB Pro-
grammable Step Motor Controller (c) MBC05641 Microstep Driver
Precision
Shafts
Coarse
Motion
Stage
Motor Mount
Copper
- Heatsink
Base Plate
(rests on
furnace top)
Figure 4-42: CAD Model of the coarse motion stage
nuts that secure the components together in a method akin to how roller-blades are
assembled. In order to align the three driving rods with each other, they are secured
to the coarse motion stage with an adjustable connection using a close-slip fit and
the use of tube clamps. To reduce the weight of the assembly, 1" thick Aluminum
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Figure 4-43: Cross-section view of the coarse motion stage CAD model.
1060 was used for the coarse stage rather than stainless steel. Finite element analysis
was conducted to ensure that the load of the air bearing assembly does not cause
significant deformation of the coarse stage. The result shown in Figure 4-44 indicates
a maximum deformation of 1 pm, which has little effect on our actuation system.
Figure 4-44: FEA results showing the deflection of the coarse motion stage due to
the load of the air bearing and driving rods. Maximum displacement was 1 pm.
4.8.2 Fine Positioning System
This section describes the design process of the fine positioning system, used to achieve
high-resolution low-range of motion displacement to supplement the coarse actuation
system. Its functional requirements are summarized in Table 4.8.2. To provide the
fine actuation, piezo-actuators are well-suited to our need for high-resolution low
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Functional Requirements Design Parameters
Degrees of freedom Vertical translation (z-axis)
Pitch and roll (x-y rotations)
Range of motion Greater than 100pm
Resolution Sub-micron resolution
Maximum tilt 0.50 for x-y directions
Forces 50N to achieve maximum rotation
Table 4.14: Functional requirements and design parameters of the fine actuation
system
range of motion and the ability to generate high forces, and are placed in-line with
each driving rod. Two sets of flexures are needed in this system; one to extend the
length of each rod, and the other to provide rotational compliance for the air bearing
while maintaining the rigidity of the driving rods. These are named the piezo flexures
and the rotation flexures respectively. The piezo-actuators selected were PA 100/T14
stack type piezo-actuators from Piezosystem Jena, shown in Figure 4-45. They feature
a range of motion of 105 pum, resolution of 0.21 nm, and a maximum blocking force of
850 N. The sensors feature an integrated preload of 150 N, and are threaded for easy
assembly into our system. Ball tips avoid shear stresses that can damage the piezo.
The piezo-actuators are run closed-loop with feedback from the capacitive sensors.
Since force generation by piezo-actuators is coupled with a reduction in their range
of motion, flexure design must ensure that the forces required for deflection do not
degrade piezo performance. Figure 4-46 illustrates the displacement-force generation
curve for the selected actuators. Since generating 40 N only reduces the motion range
by 5 pim to 100 pm, this will be taken as the input force for our design.
Flexure Equations
The flexures are modeled using Bernoulli beam-bending theory, and assumed to be
thin, isotropic, and undergoing small deflections under pure moment loading Mz(x)
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Figure 4-45: PA 100/T14 piezo-actuator from Piezosystem Jena
Force Generation vs. Piezo Displacement
200 400 600 800 850
Blocking Force (N)
Figure 4-46: Force Generation vs. Displacement Curve for the Piezo-actuator
as shown in Figure 4-47. Beam deformation y(x) is give by Bernoulli beam-bending
theory by the expression,
62y(x) M2(x)
Jx 2  EI,
where E is Young's Modulus and I2 is the moment of inertia [36, 34].
(4.3)
For blade
flexures with a rectangular cross-section, the moment of inertia of the beam is,
bha
I2 = 112
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(4.4)
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Figure 4-47: Differential element of a beam under pure bending
where b is beam width and h is the height. The equations describing flexure de-
formation and maximum stress are dependant on the boundary conditions, and are
discussed under each flexure system separately.
In order to ensure no plastic deformation occurs in the flexure, maximum allowable
stress must not exceed 25-35% of the material's yield stress oY. Since stress concen-
trations develop at the boundaries of the flexures, as shown by the FEA results in
Figures 4-48 and 4-49, fillets are often used to relieve these stress concentrations.
Piezo Flexure
To achieve air bearing rotation, flexures are placed in-line with each rod and actuated
by piezo-actuators to achieve vertical motion. The functional requirements of these
flexures are summarized in Table 4.15.
High-strength Aluminum 7075, a material often used in flexure design, was chosen
for the construction of the piezo flexure given its high yield strength to stiffness ratio
and light weight. In order to place the piezo-actuator in-line with the driving rods, a
symmetric design using two flexure blades is used as shown in Figure 4-50.
Given a material choice and flexure configuration, the design of flexures involves
determining the three unknowns of length, width and height [33]. These are most
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Figure 4-48: The fillet radii shown here are one-half, one, three-halves and two times
the blade thickness. The deflected shape and the contours of von Mises stress result
from a moment load. [25]
Figure 4-49: The stress concentration factor for moment loading is
mated by a fourth-order polynomial, where r/t is the ratio of fillet
thickness. [25]
closely approxi-
radius to blade
often selected based on the desired deflection, maximum stress requirements and ge-
ometry considerations. In this configuration, each flexure blade has clamped-guided
boundary conditions with an applied end force as shown in Figure 4-51. These bound-
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Moment Load
k = 0.1721 (r/t)4 -0.9288(r/t)3 + 1.8387(r/t)2 - 1.6593(r/t) +1.669
1.20
1.18
41 1.16
c 1.14
1.02
1.00
0.50 0.75 1.00 1.25 1.50 1.75 2.00
r/t
Functional Requirements
Maintain piezo under compression
Withstand static load of
air bearing and driving rods
Provide motion without
degrading piezo range
Design Parameters
Screw mounting interface
33 N (assuming 0.75"
Kovar driving rods)
Maximum required force
of 40 N
Table 4.15: Requirements and Design Parameters of the new slumping tool
Piezo-actuator
Flexure
Frame
Flexure Blade
. - .Driving Rod
Figure 4-50: Flexure for top system
ary conditions can be described by the equations,
y(O) = 0
y(0) = 0
We integrate Equation 4.3 using these conditions to yield the displacement profile,
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Guided End
Figure 4-51: Clamped guided flexure boundary condition
the first equation used in our design, given by,
6max(F)
FL3
12EIZ (4.5)
The second equation governs the maximum allowable stress, derived from the Equa-
tion 4.3 and the differential model shown in Figure 4-47. Stress o-(x, YN), where YN
is the distance from the neutral axis is given by,
(YN) -Mz(x) yN
oz
(4.6)
Maximum stress conditions o-max occur at the ends of the flexure at ymax away from
the neutral axis, and is given by,
omax
FL h
= 22 (4.7)
Since our design utilizes two fiexures in parallel, stiffness is twice that of an individual
flexure and is given by,
EIkZ = 2 E~ (4.8)
From our functional requirements, we desire 40 N of applied force to produce 100
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pm of translation, while maintaining stresses under 30% of yield. The width of the
flexure was constrained by the diameter of the driving rods, and was selected to be 1".
Calculations yielded a length of 1.5" and thickness of 0.06" as fist order dimensions,
which where then tested using FEA. Table 4.16 summarizes deflections and stresses
with both equations and finite element analysis. The flexure was manufactured by
wire-EDM (electrical discharge machining) from a 1" thick Aluminum plate [29].
Paremeter Equations FEA
Deflection under gravity 141 pm 99 Am
Deflection under additional 313 pm 218 pm
40 N load
Percent of yield stress reached 28.11% 8.2%
Table 4.16: Deflection and maximum stress results for the piezo flexure
Figure 4-52: FEA displacement of the piezo under 63N of total force
The discrepancy between both results is small, and partially
fillets in the FEA model with a radius of 0.09", and an r/t ratio
frequency of the flexure is given by the equation,
2r1
m 27r
due to the presence of
of 1.5. The resonance
(4.9)
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and is equal to 8.67 Hz, assuming the static load of 33 N.
Rotation Flexures
Table 4.8.2 summarizes the requires the requirements of the flexures that permit air
bearing rotation. As seen from the requirements, this flexure system is designed with
Functional Requirements Design Parameters
Two degrees of freedom X-Y rotations
Small range of motion Maximum 0.5' tilt
High resolution Smaller that 1 pm
Force Required 50 N for maximum tilt
Machined from Rods Blade width constrained by rod diameter
Table 4.17: Functional requirements and design parameters of the rotation flexures
more compliance than necessary to ensure smooth air bearing rotations. The driving
rods are first aligned with each other to level the air bearing, and the flexures only fine
tune the rotation. A rotational range of motion of 0.50 is prescribed for an applied
maximum force of 50 N, which translates to 1.33 mm of vertical displacement on each
edge of the air bearing, much larger than is necessary. The rotational stiffness M2/6
of the flexure is therefore 785 Nm/rad, calculated with a spacing of 6.75" between
actuation rods. Several flexure types were considered for this system: the hour-glass
flexure, hinge flexure and blade flexure as shown in Figure 4-53.
While the hour glass flexure can provide the needed rotational flexibility with
only one flexure per rod, it is not an ideal choice as it allows 5 degrees of freedom.
Besides the two desired rotations, it permits a third rotational degree of freedom
as well as translations in x and y, making it too compliant for our application. To
constrain the undesired degrees of freedom, two layers of flexures can be used, with
either hinge or blade flexures. Hinge flexures are fabricated by machining two circular
cuts symmetrically into a rod [19]. Preliminary results through modeling and FEA
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Figure 4-53: Different flexure types considered for the rotation flexure. (a) Hour-glass
flexure. (b) Hinge flexure. (c) Blade flexure.
indicated that hinge flexures could not provide the desired rotational stiffness given
the constraint of the 0.75" Kovar rod diameter. Making the flexure too thick increases
rotational stiffness beyond our requirements, and too thin causes high stresses to
develop. Blade flexures, on the other hand, provide more flexibility since their length
and thickness can be controlled independently to satisfy stiffness requirements, and
thus were chosen for our design.
In order to provide the two rotational degrees of freedom for the air bearing,
two layers of blade flexures are arranged according to Figure 4-54. The lower layer
consists of three blade flexures forming an equilateral triangle, with higher compliance
for rotation around the Y-axis. The upper layer is aligned perpendicular to the lower
layer, and provides higher compliance for X-axis rotation. The instant centers of
rotation for the bottom flexure do not intersect, and rotation about Z-axis is therefore
prevented. For the upper layer, the instant centers meet at the center of the air
bearing indicating the presence of parasitic degree of freedom of rotation about the
Z-axis. However, since the grounding plates are twice as large as the capacitive probe
sensing areas, these small rotations have no impact on displacement measurements.
An additional concern is the error due to the probe tilt with respect to the target,
as shown in Figure ??. The error, measured in meters, appears as a shift in the
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Figure 4-54: Schematic of the two layers of flexures giving the air bearing rotation
freedom
voltage-gap curve making the target appear closer can be computed by the equation,
error = -d -k, (4.10)
2
where r is the radius of the probe sensor area, d is the nominal probe-target spacing,
0 is probe tilt angle and k is an experimental constant typically around 5 [32]. For
the HPT-150 sensor from Capacitec undergoing 0.50 of tilt a distance of 400 Pm,
there error is only 0.28 pm and can be neglected. The driving rods are selected with
a diameter of 0.75". Under maximum forces, they deflect under 0.5 mm and can
therefore be assumed to be rigid.
To select appropriate flexure dimensions, we must first derive the displacement
and maximum stress equations for the flexure. The boundary conditions for these
flexures are those for a cantilever with an end moment, since one end is free to rotate
due to a moment load as seen in Figure 4-55.
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MFigure 4-55: Cantilever with end moment load
The maximum displacement at the flexure tip is given by the equation.
M L 2
Jmax (411)2EI
Maximum rotation is given by
Omax= 9(L) = ML (4.12)
El
and maximum stress by
Umax = Mc (4.13)
Iz
Using the rotational stiffness requirement of 785 Nm/rad and maximum stress require-
ments of 35% of yield stress, the selected dimensions were length of 4" and height of
0.195". This yields a maximum stress of 33 MPa, 32.5% of the maximum yield stress.
Although slightly stiffer at 883 Nm/rad, it still provides sufficient rotational flexibility
for our air bearing. Finite element analysis was conducted on the assembly to ensure
the desired rotations can be achieved, as shown in Figure 4-56. Natural frequency
analysis of the entire assembly was also conducted, and the lowest frequencies were
found to be 2.6 Hz for x-y rotations and 6.5 Hz for z-rotation, as shown in Figure
4-57.
120
Figure 4-56: Displacement rotation
4.8.3 Cooling
Since the temperature of the Kovar rods inside the furnace reaches 5700, we must
ensure that the driving rods have cooled where they make contact with the piezo-
actuators. The Curie temperature of the piezo ceramics is 1500, and the manufacturer
rates the actuator's maximum temperature at 80 0 C. The steady state heat equation
is used to estimate the necessary length of the rod outside the furnace for sufficient
cooling, and is given by the euqation,
d (dT~
- kAc-- - hp(T - Too) = 0, (4.14)dx ( dx
where x is the direction of airflow, k is the thermal conductivity, Ac is the rod's cross
sectional area, T is the temperature at x, h is the convection coefficient, p is the
surface area of the tube and T.. is the ambient room temperature [6]. At x = 0, just
inside the furnace, the temperature is maintained at T = 5700 C, and at the other
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Figure 4-57: Natural modes and frequencies of the flexure assembly
end by the piezo-actuator d = 0. Integrating the above equation yields,
T(x) - To cosh a(L - x) (4.15)
Tb - Too cosh aL
where a2 = hp and L is the length of the rod. To estimate the length L neededkA, I
for the rod to reach a temperature of 300 C, we solve for L using x = L and Tmax
T(L) = 300C to obtain,
k A
L = a cosh (0)),(.6
where 0- T-T- Given a 0.75" driving rod, and assuming an ambient temperatureTmax-To
of To = 25', we use the equation calculate how long the rod is required to be. A
conservative value of 20 W/m 2K for the natural convection heat transfer coefficient
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is selected. Thermal conductivities of relevant materials are listed in Table 4.8.3. If
Material Thermal Conductivity
(W/m 2K)
Kovar
Macor
Air
17.3
1.46
0.03
Table 4.18: Thermal conductivities of different materials
the rod is made of Kovar as shown in Figure
for the temperature to reach 30'C. Several
0.75"
h = 20 W/m 2 K
L
Oven
Interior
4-58, a length of 19.4" would be needed
measures were taken to help lower the
High Temperature
Tb =570C
Figure 4-58: Kovar rod out of the oven
required rod length. Macor, a machinable ceramic with a thermal conductivity one
order of magnitude lower than Kovar, connects with the driving rod as it exits the
furnace. Furthermore, the rod was made hollow by drilling a 0.332" through hole,
since air has a thermal conductivity 2 orders of magnitude lower than Macor. The
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overall kAc in Equation 4.16 becomes,
kAc kairAair + kmacor Amacor . (4.17)
Using these measures, the required length drops to only 8.5", using only natural
convection. An additional measure taken to dissipate the heat was the placement of
a 0.5" thick copper sleeve at the exit of the oven, as seen in Figure 4-59. If found
h.=,20 W/m2 K
L
Copper
Sleeve
OvenTopMacor HollowInsulation :Raodoo Rod
Oven. High Temperature
Interior Tb = 570 C
To Airbearing
Figure 4-59: Hollow macor rod
necessary, fins could be added on the copper sleeve and a fan could be installed on
top of the furnace.
4.9 Data Acquisition
The input/output requirements of the slumping tool are summarized in Table 4.9.
USB CompactDAQ hardware from National Instruments was used for our application,
and the cDAQ-9174 chassis was purchased with several module:
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Device Analog Inputs Analog Outputs Digital I/O
2 Pressure Sensors 2 0 0
2 Thermocouples 2 0 0
3 Capacative Sensors 3 0 0
3 Piezo Actuators 0 3 0
Coarse Actuator 0 1 0
2 Mass Flow Controller 2 2 4
2 Heating Coils 0 2 0
3 Fiber Measurements 3 0 0
Total 12 8 4
Table 4.19: Input output requirements for the slumping tool
Figure 4-60: DAQ Modules
" Analog Input: NI 9205 32-Channel +/-10 V, 250 kS/s, 16-Bit.
" Analog Output: NI 9264 16-Channel 10 V, 25 kS/s, 16-Bit.
" Digital Input/Output: NI 9401 8-Channel, 100 ns, TTL Digital IO Module
" Thermocouple Module: NI 9211 4-Ch 80 mV, 14 S/s, 24-Bit TC Differential
Analog Input Module
The LabVIEW platform is used, developed based on the VI developed earlier with
some advancements and added capabilities.
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Figure 4-61: Overall slumping apparatus assembly
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4.10 Conclusions and Future Work
The design of a horizontal air bearing assembly was detailed in this chapter. At the
time of the writing of this document, the different components were being fabricated
and assembled together. Once all components are integrated, preliminary slumping
experiments can be conducted with sheets of different sizes to characterize the new
tool.
Further instrumentation can be added to better understand the slumping process,
such as the use of fibers embedded into the mandrel to measure glass position in
real time. Heating coils were not included in this design, but can be added if found
necessary to raise air temperatures in the plenum. Another feature that could be
added is a method to continuously tilt the entire air bearing assembly, to ensure that
mandrel surface errors are averaged out on the glass surface. For future air bearings,
alternative porous ceramics with finer grain structure should be considered for better
grinding results. Once the horizontal slumping tool is fully operational, the next step
would be using parabolic mandrels for Wolter optics. The modular nature of this
slumping tool means that the current flat air bearings can be easily swapped with
parabolic air bearings, and the same tool can be used to slump both flats and curved
glass sheets interchangeably.
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Appendix A
Glass Temperatures
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Figure A-1: Typical viscosity temperature curve using a borosilicate glass as an
example. Courtesy of BRAND GmbH. [24]
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" Strain Point
Annealing begins at this the temperature, which is also referred to as the lower
annealing point. It corresponds to a glass viscosity of 104.5 poise.
" Annealing Point
Annealing ends at this temperature, which is also referred to as the upper
annealing point. Internal strain in the glass is substantially relieved at this
point, which corresponds to a glass viscosity of 1013 poise.
* Softening Point
Flass sags under its own weight at this temperature, which corresponds to a
glass viscosity of 107.65 poise.
The range between the upper and lower annealing points is known as the transforma-
tion range, in which glass transforms from a solid to plastic state. The transformation
temperature corresponds to a glass viscosity of 1013 poise.
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Appendix B
MATLAB Simulation Code
B.1 Generalized Pressure Distribution
%Abdul Mohsen Al Husseini
%Based on older model by Mireille Akilian
%Pressure distribution of air bearing with variable spacing
function P = pressure(pin,h,N)
%Number of nodes N x N x N
N = N+2; %Takes in actual number of nodes on surface and adds
to the periphery points for Neumann BC's
%All dimensions in mm, but not a problem since this is a dimensionless
%solution, just make sure that the permeability is in the proper units of
Xmm^2 rather than the regular m^2 (Darcy)
XPermeability ratio Kx = kx/kz and Ky = ky/kz
Kx=1;
Ky=1;
kz=6*10^(-9); %kx=ky=kz=10^(-14)m^2 at room temperature.
Note these are absolute permeabilities and not ratios.
But this 6x1O^-9 is the value at 600C
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%Ceramic dimensions
X=100; X100mm
Y=100; X100mm
H=12.7; %12.7mm
XCeramic width to length ratio XY
XY=X/Y;
XH=X/H;
XAir gap thickness h
X50 um (should be in millimeters)
%Constant A used in first equation
A=2*(Kx+Ky*XY^2+XH^2);
XSupply pressure to atm pressure ratio psa
psa=(14.5+pin)/14.5; %this parameter is a ratio of absolute
pressure used to absolute atm pressure;
pa=14.5; %absolute atm pressure
%Coefficient a used in second equation
a= H/(12*kz*X^2);
del=1/(N-3); % normalized del so that delx = dely = delz normalized,
otherwise they are not equal
% pressure matrix NxNxN elements
P=zeros(N,N,N);
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% BOUNDARY CONDITIONS
% Bottom Ceramic surface at plenum supply pressure
P(:,:,1:2)=psa;
% Ambient condition on ceramic top surface edges where p=patm
P(1:2,:,N-1:N)=1;
P(:,1:2,N-1:N)=1;
P(:,N-1:N,N-1:N)=1;
P(N-1:N,:,N-1:N)=1;
% FINITE DIFFERENCE ITERATION METHOD
for f=1:1:1000
for i=3:1:N-2
for j=3:1:N-2
for k=3:1:N-2
P(2,j,k)=(Kx*P(3,j,k)+Ky*XY^2*(P(2,j+1,k)+P(2,j-1,k))+
XH^2*(P(2,j,k+1)+P(2,j,k-1)))/(Kx+2*(Ky*XY^2+XH^2));
%these four lines are for the nodes on the sides of the
bearing along the y axis
P(1,j,k)=P(2,j,k);
P(N-1,j,k)=(Kx*P(N-2,j,k)+Ky*XY^2*(P(N-1,j+1,k)+
P(N-1,j-1,k))+XH^2*(P(N-1,j,k+1)+P(i,j,k-1)))
/(Kx+2*(Ky*XY^2+XH^2));
P(N,j,k)=P(N-1,j,k);
P(i,2,k)=(Kx*(P(i+1,2,k)+P(i-1,2,k))+Ky*XY^2*P(i,3,k)
+XH^2*(P(i,2,k+1)+P(i,2,k-1)))/(2*(Kx+XH^2)+Ky*XY^2);
%these four lines are for the nodes on the sides
of the bearing along the x axis
P(i,1,k)=P(i,2,k);
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P(iN-lk)=(Kx*(P(i+lN-lk)+P(i-1,N-lk))
+Ky*XY-2*P(iN-2,k)+XH^2*(P(iN-lk+l)+P(iN-lk-1)))
/(2*(Kx+XH-2)+Ky*XY-2);
P(iNk)=P(iN-lk);
P(ijk)=(Kx*(P(i+ljk)+P(i-ljk))+Ky*XY-2*(P(ij+lk)
+P(ij-lk))+XH-2*(P(ijk+l)+P(ijk-1)))/A;
%corners
P(2,2,k)=(Kx*P(3,2,k)+Ky*XY-2*P(2,3,k)+XH-2*(P(2,2,k+l)
+P(2,2,k-1)))/(Kx+Ky*XY-2+2*XH-2);
P(1,2,k)=P(2,2,k);
P(2,1,k)=P(2,2,k);
P(1,1,k)=P(2,2,k);
P(2,N-lk)=(Kx*P(3,N-lk)+Ky*XY-2*P(2,N-2,k)
+XH-2*(P(2,N-lk+l)+P(2,N-lk-1)))/(Kx+KY*XY-2+2*XH-2);
P(1,N-lk)=P(2,N-lk);
P(2,Nk)=P(2,N-lk);
P(1,Nk)=P(2,N-lk);
P(N-1,2,k)=(Kx*P(N,2,k)+Ky*XY-2*P(N-1,3,k)
+XH-2*(P(N-1,2,k+l)+P(N-1,2,k-1)))/(Kx+Ky*XY-2+2*XH-2);
P(N,2,k)=P(N-1,2,k);
P(N-1,1,k)=P(N-1,2,k);
P(Nlk)=P(N-1,2,k);
P(N-1,N-lk)=(Kx*P(NN-lk)+Ky*XY-2*P(N-1,N-2,k)+
XH-2*(P(N-1,N-lk+l)+P(N-1,N-1,k-1)))/(Kx+Ky*XY-2+2*XH^2);
P(NN-lk)=P(N-1,N-lk);
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P(N-1,N,k)=P(N-1,N-1,k);
P(N,N,k)=P(N-1,N-1,k);
end
P(i,j,N-1)= (h(i-1,j-1)^3*((P(i+1,j,N-1)+P(i-1,j,N-1))
+XY^2*(P(i,j+1,N-1)+P(i,j-1,N-1)))+ 3/4*h(i-1,j-1)^2
*((P(i+1,j,N-1)-P(i-1,j,N-1))*(h(i)-h(i-2))+XY^2*(P(i,j+1,N-1)
-P(i,j-1,N-1))*(h(j)-h(j-2))) +del/(2*a)*P(i,j,N-2))
/(2*h(i-1,j-1)^3*(1+XY^2)+del/(2*a));
P(i,j,N)=P(i,j,N-1);
end
end
end
% Extracting Surface Pressure
for m=1:1:N-2
for s=1:1:N-2
S(m,s)=P(m+1,s+1,N-1);
Pbearing(m,s)=S(m,s)*pa-pa;
end
end
P = Pbearing;
B.2 Shape Solver
This code iterates the position of the glass-sheets until equilibrium is reached.
% This script finds the steady state shape of a glass sheet
L = 0.1; % Width-Length of slumping section (in m)
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X = L*10^3;
Y =X;
N = 30;
G = 410/1000;
A = (L/(N-1))^2;
rho = 2510;
g = 9.8;
theta = 6*pi/180;
del = 1/(N-1);
X In (mm)
X Similar
% Number of actual nodes on surface
X Overall gap (mm)
% Area per pixel (m^2)
X Desnity (kg/m^3)
X Gravity (m/s^2)
X Angle (in Radians)
X Discretization
% Counter
mu = 40.65E-6;
kq = 2.88/100;
% Viscosity of Air @ 600C, 40.65 uPa.s
X 0.2 micron/Pa iteration gain
X Axes for plotting
x = 0:X/(N-1):X;
y = 0:Y/(N-1):Y;
X Defining the thickness and initial displacement node profile (mm)
for i=1:N
for j=1:N
s(i,j) = 0/1000;
t(i,j) = 400/1000;
end
end
X Defining thickness box profile (done once and doesnt change, out of loop)
for i=1:N-1
for j=1:N-1
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n = 0;
tb(i,j) = (t(i,j)+ t(i+1,j) + t(i,j+1) + t(i+1,j+1))/4;
end
end
while(n<50) % Iterations to find steady state
X Calculate node gap for right and left mandrel
hi = (G-t)/2 + s;
h2 = (G-t)/2 - s;
% Find pressure profiles (+ psi to Newtons)
P1 = pressure(O.3,hl,N)*6895;
P2 = pressure(O.3,h2,N)*6895;
dP = P1-P2;
% Converting node pressure/position to box pressure/position distribution
for i=1:N-1
xb(i) = x(i); % box coordinates for plotting
yb(i) = y(i);
for j=1:N-1
Plb(i,j) = (P1(i,j)+ P1(i+1,j) + P1(i,j+1) + P1(i+1,j+1))/4;
dPb(i,j) = (dP(i,j)+ dP(i+1,j)
sb(i,j) = (s(i,j)+ s(i+1,j) +
+ dP(i,j+1) + dP(i+1,j+1))/4;
s(i,j+1) + s(i+1,j+1))/4;
end
end
%Compute new positions, breakdown (box)
a = sb;
b = dPb;
c = rho*g*tb*10^-3*sin(theta);
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d = ( dPb - rho*g*tb*10^-3*sin(theta));
e = ( dPb - rho*g*tb*10^-3*sin(theta))*A;
% Plots at each intermediate step (Pressure, Force, New Position)
subplot(1,3,1)
surf(xb,yb,dPb)
xlabel('x (mm)')
ylabel('y (mm)')
title('Box Pressure Distribution (Pa)')
subplot(1,3,2)
surf(xb,yb,d)
xlabel('x (mm)')
ylabel('y (mm)')
title('Net Pressure on Glass Elements (Pa)')
subplot(1,3,3)
surf(xb,yb,sb)
xlabel('x (mm)')
ylabel('y (mm)')
title('Box Positions (mm)')
f = kq.*e;
sb = sb + f; % (0.2 um/Pa with area correction factor 0.2E-3/6.95E-5*e)
XThis section changes new position profile from box to node
%Corners
s(1,1) = sb(1,1);
s(1,N) = sb(1,N-1);
s(N,1) = sb(N-1,1);
s(N,N) = sb(N-1,N-1);
XInside
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for i = 2:N-1
for j= 2:N-1
s(i,j)= (sb(i,j) + sb(i-1,j) + sb(i,j-1) + sb(i-1,j-1))/4;
end
end
% Lines
for j =2:N-1
s(1,j) = (sb(1,j)+sb(1,j-1))/2; %top
s(j,1) = (sb(j,1)+sb(j-1,1))/2; %left
s(N,j) = (sb(N-1,j)+sb(N-1,j-1))/2; Xbottom
s(j,N) = (sb(j,N-1)+sb(j-1,N-1))/2; Xright
end
n=n+1 % reports iteration step number
ptot(n,:)=[d(4,4) d(7,7)];
pos(n,:)=[sb(4,4) sb(7,7)];
err(n,:)=[f(4,4) f(7,7)];
spos(n,:)=[s(4,4) s(5,4) s(4,5) s(5,5)];
delsb(n,:)=[f(3,3) f(3,4) f(3,5) f(4,3) f(4,5) f(5,3) f(5,4) f(5,4)];
a = 1;
end
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